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SUMMARY 
This work is concerned with the development and extension of 
cryochemical synthesis techniques into the domain of organic chemistry, 
A class of reactive, 3 carbon membered, ring molecules was chosen for 
investigation. These species possess abnormal bonding in the form of 
small valence angles and this leads to poor bonding orbital overlap and 
weak bonds. This condition is commonly described by the term "ring 
strain*" This abnormal bonding creates a driving force for the molecule 
to enter into those reactions that would lead to relief of this strain. 
Thus, at room temperature, the reactivity may be so great that some 
molecules exhibit only a fleeting existence, and we here describe these 
species as "cryochemical molecules." The primary effort in this work 
was to investigate four systems of ring compounds and, from mass spectral 
and energy measurements at low temperatures, to derive a consistent body 
of calculated results which would relate such quantities as heats of 
formation (Mf), the bond energies (E) , bond dissociation energies (DO ) , 
activation energies (matt), and ring strain. Studies at room tempera- 
tures versus those at low temperatures were to be used to discern changes 
in structure, decomposition, etc. for these reactive molecules. The 
causes and results of the instability of these molecules would neces- 
sarily determine procedures and precautions for their convenient handling, 
When this work was begun, two of the target molecules, cyclopropanone 
and cyclopropenone, had never been isolated as pure species and much of 
the work involved synthesis and separation problems. Cyclopropene, a 
x i i i  
r eac t ive  o l e f i n ;  cyclopropane, an energetic model f o r  cyclopropanone; 
and cyclobutanone, a by-product of the  cyclopropanone synthesis, were 
a l so  investigated.  
Although it had long been postulated as a react ion intermediate 
and although it had shown f lee t ing ,  but detectable,  existence, cyclo- 
propanone had not been i so la ted  as a pure species. Shortly a f t e r  t h i s  
work was begun, two papers appeared almost simultaneously, both describ- 
ing the  low temperature synthesis (-78") from ketene and diazomethane 
i n  solutions of methylene chloride5' and l i qu id  propane. 52 Reports on 
the  s t a b i l i t y  and polymerization agreed with the  r e su l t s  from our study. 
We synthesized cyclopropanone by the  l iquid- l iquid ,  solut ion free,  
react ion of diazomethane and ketene a t  -145". This i s  a synthesis with 
many novel and in te res t ing  face t s .  It i s  very unusual t o  f i nd  a l iqu id-  
l i qu id  react ion which w i l l  proceed a t  such a low temperature without any 
external  form of act ivat ion.  The reactor,  being submerged i n  a coolant 
a t  -145") quickly conducted away any heat of react ion and prevented the  
molecule from decomposing (as  it does upon formation i n  the  gas phase46). 
The low temperature a l so  served t o  slow the  r a t e  of cyclopropanone poly- 
merization. The use of low temperatures, pure reagents, and a great  
excess of ketene leads t o  a y ie ld  of b e t t e r  than 50 percent product 
pu r i t y  cyclopropanone with the  four membered ketone ring, cyclobutanone, 
as t he  only s ide  product. Although cyclopropanone can be kept i nde f in i t e ly  
a t  -196") it appears t o  begin t o  slowly polymerize a t  -90" and reac t s  so 
rapidly  a t  room temperature t h a t  samples a r e  destroyed within minutes. 
This r eac t i v i t y  a t  room temperature causes a severe analysis  problem 
and cyclopropanone can be conveniently studied a t  only lower temperatures- 
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I n  contras t  t o  i t s  formation i n  the  gas phase, no evidence of decomposi- 
t i o n  was found as it was heated a t  low pressures from a so l i d  a t  -196" 
through any l i qu id  s t a t e  t o ' a  gas a t  room temperature. The polymer 
formed was a white, porous looking so l id .  The ionizat ion potentials ,  
appearance potent ia ls ,  and excess energies of t h e  p r inc ipa l  ions from 
cyclopropanone and cyclobutanone were experimentally measured and t h e i r  
molecular energetics calcula ted therefrom, The ionizat ion po ten t ia l s  
of cyclopropanone and cyclobutanone were measured t o  be 9.1 eV and 9.4 
eV, respectively.  Both these  values a re  supported by molecular o r b i t a l  
calculat ions reported herein.  
Cyclopropene, described i n  the  l i t e r a t u r e  as w r y  react ive  and 
explosive, was investigated both because of t h i s  r eac t i v i t y  and as an 
energetic model f o r  cyclopropenone. It was found t o  be much eas ie r  t o  
handle than one would expect from the  l i t e r a t u r e  as it can be synthesized, 
d i s t i l l e d ,  and t ransferred a t  room temperature with no change i n  s t ruc-  
t u r e  and with only an ins ign i f ican t  loss  from polymerization (which only 
became noticeable a t  room temperature). Unfortunately, t he  mass spec- 
trum of cyclopropene consis ts  of very intense ion peaks corresponding 
t o  t he  pos i t ive ly  charged, i n t a c t  r ing  and very weak ions resu l t ing  from 
r ing  fragmentations. The ionizat ion eff ic iency curves of the weak ion 
s ignals  were of such poor qua l i t y  t h a t  r e l i ab l e  experimental appearance 
po ten t ia l s  could not be obtained f o r  the  development of the  molecular 
energetics.  The ionizat ion po ten t ia l  of cyclopropene was measured t o  
be 9.6-9.7 eV which was supported by the  molecular o r b i t a l  ca lcula t ion 
of 9.6 eV and close enough t o  a l i t e r a t u r e  value, 9.95 eV, t o  a t t r i b u t e  
the  di f ference t o  experimental e r ro r .  
Cyclopropene was s tudied a t  -145" and room temperature ( -  25"). 
Although it i s  known t o  polymerize a t  -80" and although the  polymeriza- 
t i o n  i s  believed t o  be a react ion of the excited double bond d i rad i -  
~ a 1 , ~ ~  no experimentally detected change i n  the  ionizat ion po t en t i a l  
(9.6-9.7 e ~ )  from -145" t o  25" leads one t o  conclude t h a t  any formation 
of a t r i p l e t  occurs i n  such small amounts as  t o  be experimentally unde- 
t ec tab le .  Similarly, cyclopropanone was s tudied a t  -90" and 25". A l -  
though it was seen t o  polymerize qu i te  rapidly  a t  room temperature and 
although many of i t s  reactions i n  solut ion a re  postulated t o  proceed 
through the  r ing  opened dipolar  ion (23 kcal/mole more s tab le  than the  
closed ring6'), no change i n  t h e  ionizat ion po t en t i a l  with temperature 
( 9 , l  e ~ )  likewise implies no detectable presence of these s t ruc tures .  
A difference i n  s t ruc ture  would, of course, have invalidated physical  
data  taken a t  room temperature. 
According t o  Breslow, 76 the  reaction of tetrachlorocyclopropene 
with t r i -n -bu ty l t in  hydride a t  room temperature produces a v o l a t i l e  mix- 
t u r e  of chlorocyclopropenes which, when col lected i n  C C 1  and hydrolyzed 4 
with water, produces cyclopropenone i n  water solution.  Breslow postu- 
l a t e s  the  existence of the  f r e e  ketone, not the  gem diol ,  even i n  water 
solut ion;  however, he s t a t e s  t h a t  a l l  attempts t o  separate and i s o l a t e  
t h e  molecule have l ed  t o  ". . . a t  l e a s t  p a r t i a l  polymerization of the  
compound." He a l so  repor ts  t h a t  the  ketone may be extracted from water 
so lu t ion  by polar solvents and t h a t  it i s  much l e s s  react ive  and more 
s t ab l e  than i t s  sa turated analog, cyclopropanone. His paper s t rongly 
suggests t ha t  cyclopropenone was synthesized and implies t ha t  the  f a i l u r e  
t o  i s o l a t e  cyclopropenone was due only t o  i t s  tendency t o  polymerize. 
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Based on our previous work on cyclopropanone and the  r e a c t i v i t y  
statements of Breslow ' s76 paper, we reasoned t h a t  cyclopropenone would 
most ce r ta in ly  be s t ab l e  enough f o r  cryogenic mass spectrometric analysis  
once - i t  was separated from i t s  solution.  Since it could be extracted,  
t h e  obvious approach was t o  f i nd  a polar  solvent which would allow 
separation of t he  ketone a t  a low enough temperature t o  prevent poly- 
merization. Although the  reported7' synthesis  and nmr analys is  f o r  
cyclopropenone were reproduced, the  i so l a t i on  of the  ketone was not ac- 
complished by any of t he  following techniques: extract ion of the  ketone 
from water solut ion using d i f fe ren t  kinds of solvents;  performing t h e  
hydrolysis s t ep  i n  water soluble solvents;  p a r t i a l  hydrolysis of t he  d i -  
chlorocyclopropene sample with l e s s  than the  stoichiometric amount of 
water; and drying of t he  solutions t o  remove dissolved water. The solu- 
t ions  resu l t ing  from the  application of these techniques were a l l  analyzed 
by d i s t i l l i n g  them a t  low temperatures i n to  t he  mass spectrometer. In-  
s tead  of ident i fying the  ketone, o ther  products were observed which were 
not reported i n  the  o r ig ina l  publication76 (which f a i l s  t o  repor t  the  
presence of other products) .  I n  addit ion,  t h i s  publication76 i den t i f i ed  
t h e  mass 72 product as ac ry l ic  acid  which, from our work does not appear 
t o  be a correct  analysis .  We concluded t h a t  fu r ther  work on cyclopro- 
penone would b e t t e r  define the  problem. However, i n  view of our work, 
t he  o r ig ina l  synthesis, and t he  lack of addi t ional  publications s ince  
t he  f i r s t  repor t  of the  o r ig ina l  synthesis  (two years) ,  we a l so  concluded 
t h a t  the  approach discussed herein t o  t he  synthesis  and separation has 
not been, and l i k e l y  w i l l  not be, very f r u i t f u l .  Assuming t h a t  t he  o r ig i -  
n a l  synthesis and analysis  were correct ,  t h i s  i so l a t i on  f a i l u r e  may be a 
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r e s u l t  of water being needed t o  s t ab l i ze  the  s t ruc ture  and prevent 
reaction.  This need is  so  g rea t  t h a t  water and ketone must ex i s t  i n  
solvents as  a un i t  and vaporization of the  solutions leads t o  immediate 
and complete react ion of t he  ketone. On the  other hand, the  products 
of t h i s  work and the  unsubstantiated o r ig ina l  publication: 76 suggest 
t h a t  some o ther  s t r uc tu r e ( s )  was made ra ther  than ketone. A t h i r d  pos- 
s i b l e  explanation i s  t he  existence of a solut ion equilibrium between 
t he  cyclopropenone and i t s  hydrate i n  which i t s  hydrate possesses a much 
higher vapor pressure.  Dichlorocyclopropene and hydrated cycloprope- 
++ 
none were found t o  be cryochemical reagents reacting rapidly  a t  room 
temperature. 
I n  t h i s  work, it was found t o  be very common f o r  the  fragments 
produced upon e lect ron impact of r ing  compounds t o  possess excess t rans-  
l a t i o n a l  and v ibra t iona l  energy, but r a r e  fo r  the  measured appearance 
po t en t i a l  t o  correspond t o  a fragment i n  an excited e lect ronic  s t a t e .  
This excess energy may be viewed as res idua l  energy from the  fragment 
formation of mult iple bonds. Inclusion of a rearrangement correction 
term f o r  t h e  energet ic  difference i n  the  i n i t i a l  and f i n a l  r ing  f rag-  
mentation products allowed us t o  assign r ing  bond energies t o  pa r t i cu l a r  
bonds and enabled DO and an est imation of r ing  opening act ivat ion ener- 
g ies  t o  be calculated which seem t o  r e l a t e  well  t o  l i t e r a t u r e  data.  
By analyzing a s e r i e s  of r ing opening problems, it was concluded t h a t  a 
necessary but not su f f i c i en t  condition f o r  r ing  opening i s  t h a t  the  
X 
Refers t o  a product of the  hydrolysis which appears t o  be formed 
by t he  react ion of cyclopropenone and water. 
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amount of energy l ibe ra ted  from the  formation of t h e  r ing be greater  
than the  ac t iva t ion  energy f o r  r ing  opening. It a l so  showed tha t  t h e  
most l i k e l y  Wf associated with excited s i ng l e t  methylene produced from 
diazomethane i s  around 90 kCal/m~le. 
Cyclopropane was invest igated as an energet ic  model from which 
t he  molecular energetics of cyclopropanone could be discussed. The 
l i t e r a t u r e  on cyclopropane discusses s t r a i n  energies, heats of formation, 
ionizat ion and appearance po t en t i a l  measurements, s t ructure ,  mechanisms, 
and reactions.  I f  mass spectrometric data could be corre la ted with 
other  ex i s t ing  data  f o r  t h i s  molecule, the  s imilar  in te rpre ta t ion  of the  
new molecule, cyclopropanone, should be possible.  The energetics of 
cyclopropane seemed t o  be explained by t he  inse r t ion  of an energetic 
rearrangement term, R ( R  )ex, i n  the  equations f o r  calcula t ing DO (R1-R2) 
l g  
* 
and DO (R; -R~)  . This energetic rearrangement term represents the  energy 
difference between a hypothetical  i n i t i a l  d i r ad i ca l  and t he  f i n a l  ground 
s t a t e  s t ruc ture  f o r  the  fragments which r e su l t s  from breaking two carbon- 
carbon (c-C) r ing bonds. We were able t o  calcula te  f o r  cycloproparie t h e  
following values (kcal/mole) which compared wel l  with l i t e r a t u r e  data :  
= 13 3 3 (lit. = 12.7) 
** 
r ing  s t r a i n  = 36 (lit. = 27 r e l a t i v e  t o  paraff ins)  
E(C-C)  = 75 
Do ( C - C )  = 52 (lit. = 49) 
matt ( r i ng  opening) = 65 (lit. = 65) 
* 
R and R represent groups of bonded atoms within t he  molecule. 1 2 
** 
local ized t o  carbon-carbon r ing bonds 
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Heats of formation in the gas phase of cyclopropanone and cyclo- 
butanone were calculated from mass spectrometric data to be 27 If: 8 and 
13 If: 5 kcal/mole. Bond energies were used to calculate additional ring 
stral'ns of 36 and 19 kcal/mole with respect to cyclopropane and cyclo- 
butane, respectively. By a procedure analagous to one used for cyclo- 
propane, the following values were predicted for cyclopropanone: 
t E(C-c ) = 66; E(C-C) = 40 
t 
DO (c-c ) = 45; DO (c-C) = 20 
matt (c-Ct) = 61; and WaCt(C-C) = 35. 
This latter value supports the theory6' that cyclopropanone solution 
reactions proceed with a low activation energy through a ring opened 
dipolar ion. It should be noted. that, without the inclusion of R(R ) 
1 g 
terms, mass spectrometric results would predict a stronger bond at the 
distant carbon-carbon bond, d(C-C) = 1.58 $ than the shorter carbon- 
t 
carbon bond, d(C-C ) = 1.49 i. This result particularly points out the 
necessity of the rearrangement term. 
In this work, an experimental procedure was developed to calcu- 
late, from mass spectrometric data, the for molecules to within 
about If: 5 kcal/mole. Any lack of precision in the appearance potential 
and excess energy measurements is partially overcome by using more than 
one fragment ion to calculate Mf. This measurement is only worth the 
trouble for molecules with structures from which it is not possible to 
make a good estimate of Mf from other methods. It is particularly 
carbonyl carbon 
adaptable t o  small r ings because the  fragments a re  produced i n  gyound 
e lec t ron ic  s t a t e s  and correspond t o  molecules f o r  which & and ioniza- f  
t i o n  po ten t ia l  a re  usually known and need not be measured. However, it 
i s  necessary t o  check f o r  t he  occurrence of excess t r ans l a t i ona l  and 
v ibra t iona l  energies. This technique i s  t he  reversal  of the  normal 
energet ic  treatment from which the  heat  of formation of t he  fragment 
ion  i s  calculated from the  appearance po ten t ia l  by knowing t h e  Mf of 
t he  parent molecule. 
During t he  course of t h i s  work, secondary e f fo r t s  were needed t o  
develop techniques f o r  t he  measurement of excess ion energies and f o r  the  
measurement of appearance po ten t ia l s  of ions with long- ta i l  ionizat ion 
e f f ic iency  curves. The corre la t ion f o r  measuring excess energies ap- 
pears t o  apply well  t o  large  c lasses  of compounds but, i n  t h i s  work, i t s  
accuracy was l imi ted by poor precision.  An X-Y recorder was adapted t o  
measure appearance po ten t ia l s  by t he  " l inear  match" and t he  " i n i t i a l  
breaks" methods which reduce the  time of recording appearance po t en t i a l  
data  from greater  than 60 t o  10 minutes without much l o s s  i n  precision.  
This increase i n  speed of recording t he  ionizat ion eff ic iency data  a l so  
helps t o  combat uncer ta int ies  introduced from slowly changing ion  inten- 
s i t y .  It allows a rapid  check of t he  en t i r e  ionizat ion e f f ic iency  curve 
f o r  abnormalities which may d i c t a t e  t he  ionizat ion eff ic iency method t o  
use. 
It was found t h a t  the  determination of ionizat ion po ten t ia l s  
from ionizat ion eff ic iency curves t h a t  have standard shaped curves i s  
obtainable by any number of methods with varying degrees of precision.  
On the  other hand, it was found t h a t  t he  appearance po t en t i a l  of ions 
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with long- ta i l  curves required methods t h a t  w i l l  separate t he  curve 
i n to  sect ions  per ta ining t o  s ing le  processes which must be in te rpre ted  
individual ly  and t h a t  t he  appearance po ten t ia l  of some long- ta i l ,  low 
- 
abundance ions may be experimentally undeterminable by e lect ron impact 
methods. Ionization eff ic iency curves resu l t ing  from unknown and c a l i -  
bra t ing gas ions whose p a r t i a l  pressures i n  the  i on  source d i f f e r  by a 
fac tor  of 10 o r  l e s s  may be e l ec t ron i ca l l y  adjusted t o  obtain a l i nea r  
match over the  range of f i v e  t o  s i x  eV from the  point  of i n i t i a l  onset 
without introducing an e r ro r  of more than 0.2 eV. However, f o r  an in -  
t en s i t y  r a t i o  of 10, the  i n i t i a l  breaks method is  d i f f i c u l t  t o  use wi th  
e lec t ron ica l ly  adjusted ionizat ion e f f ic iency  curves because the  s ignal-  
to-noise r a t i o  changes and t h e  curves appear d i f fe ren t  a t  t he  point  of 
i n i t i a l  onset. Nevertheless, by looking fo r  good match of t h e  curves 
over t he  f i r s t  two eV of t h e  curve, one can obtain higher precis ion 
and s t i l l  have a method t ha t  emphasizes the  i n i t i a l  onset region of t he  
ionizat ion eff ic iency curve. 
A t e r t i a r y  e f f o r t  i s  reported t h a t  involves the  appl icat ion of 
molecular o r b i t a l  theory t o  these  r ing  systems. This work involved no 
development of molecular o r b i t a l  theory but merely the  application of 
c e r t a in  avai lable  computer programs t o  these r ing  molecules. We wished 
t o  ca lcu la te  the  ionizat ion po t en t i a l  and heats  of atomization (ma) f o r  
comparison with experimental data  and t o  use t he  molecular o r b i t a l  theory 
t o  help p red ic t  t he  s t ruc ture  of these react ive  molecules. For a very 
reac t ive  species, experimental s t r uc tu r a l  determinations may be a long 
time forthcoming and it was hoped t ha t  mass spectrometric data reinforced 
by molecular o r b i t a l  theory could provide some valuable ins ights .  Because 
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of the inability of molecular orbital calculations to predict known 
molecular structures or even most stable structures from which accurate 
AH and ionization potentials could be calculated, theoretical chemists 
a 
have-had to adjust molecular parameters by empirical means such that 
AH and ionization potentials could be calculated accurately (on the 
a 
average) for broad classes of compounds whose actual experimental bond 
lengths and angles are similar enough to allow a set of "standard" 
molecular geometries to be used for all molecules in the calculations. 
Since cryogenic, strained ring compounds owe their existence to abnormal 
(as opposed to standard) bonding and structure, the goals of synthesiz- 
ing cryogenic molecules and semi-empirical, standard geometry, molecular 
orbital calculations appear to be mutually exclusive without some know- 
ledge of how to assign a standard geometry to each particular ring 
- - 
molecule. 
Of the four molecular orbital programs used in this work, the 
Mindo and Klopman programs calculated usable numbers for A$ and ioniza- 
tion potentials while, from the results of this thesis, only the Pople 
program appeared to show any promise of structure prediction. Because 
of the insensitivity of the ionization potential to geometry changes 
and the good accuracy of calculated versus experimental ionization po- 
tentials, the Klopman and Mindo programs appear to be usable for calcu- 
lating ionization potential for cryogenic ring molecules. However, the 
strong geometry dependence (especially the C-C ring bonds) of both Mindo 
and Klopman programs prevents the use of these two programs for calculat- 
ing A.€l? until some confidence is gained in assigning standard geometries f 
to abnormal rings. This assignment is further complicated for ring 
molecules having measured geometries. Although the triplet calcu-la- 
tions appear usable for parent molecules, the application to fragments 
appears to be also dependent on some better understanding of standard 
-- 
geometries. This confidence in assigning standard geometries may be ob- 
tainable by working with many known strained rings, or for a particular 
ring molecule with a family of substituted derivatives of known struc- 
ture and properties, good agreement may result from calibrating the 
programs for this family of molecules as has been done for the cyclopro- 
pane and cyclopropene families. loo Once this confidence is gained, the 
programs offer a strong potential for mass spectrometric identification 
and distinction between closed ring and open chain isomers whose AHa 
and ionization potentials usually djffer significantly. For very unstable 
molecules not amenable to nuclear magnetic resonance or infrared analysis, 
this seems a very worthy goal. 
Although parts of the molecular orbital programs may not yet be 
sufficiently accurate for absolute use, they still offer the possibility 
of relative comparison of different structures, triplets, isomers, etc. 
from which qualitative trends or relative quantitative data can be used 
for mass spectrometric analysis decisions and calculations. Also included 
in this area is the prediction of relative stabilities of competing 
products . 
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The following symbols are so defined unless specified otherwise 
in the text. 
B = angstroms 
= ampere 
+ + 
AP = A(R~) = appearance potential of species R 1 eV 
B = constant in equation 
BE = Bond Energy 
BDE = Bond Dissociation Energy 
C = constant in equation 
C = molar heat capacity at constant volume 
v 
comp. = computer MO calculation 
d(C-C) = bond distance between carbon-carbon single bond, angstroms 
D"(R -R ) = Standard Bond Dissociation Energy at 25°C of bond between 1 2  
R1 and R2 groups, reactants and products in ideal gas state, 
kcal/mole 
Do ( ?$- ) = BDE for breaking two ring bonds simultaneously 
ex D'(-&)~ = BDE calculated not using R(R1) terms 
g 
ex 
DO = BDE calculated using R(R~) terms 
g 
+ + 
DP= D(R~) = disappearance potential or initial onset of Rl ion current, eV 
e = charge on fragment ion 
est. = estimated 
eV = electron volts (1 eV = 23.06 kcal/mole) 
XXV 
ex. 
exp . 
E i 
- 
e -a t 
= excited electronic state 
= experiment 
= observed average translational energy of the fragment ion, eV 
= excess translational energy of the parent molecular ion 
activated complex from collision with electron, kcal/mole 
= excess rotational energy 
= excess vibrational energy 
= total translational energy of the parent molecular ion 
activated complex, kcal/mole 
= BE of carbon-carbon single bond, kcal/mole 
= electric field strength 
= electric field in ion source 
= internal energy? kcal/mole 
= change in internal energy at O"K, reactants and products in 
ideal gas state 
= AP-AH0 = e + F + B = sum of excess translational, rota- 
r t r v 
tional, and vibrational energies from collision with electron, 
kcal/mole 
= maximum E* assuming classical heat capacity limit, kcal/mole 
= probability distribution for velocity component in X direction 
= ground electronic state 
= Standard Heat of Formation at 2 5 " ~ ~  reactants and products 
in ideal gas state, kcal/mole 
= Standard Heat of Atomization from the elements, kcal/mole 
= heat of reaction at temperature T ( " K )  
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kcal 
lit. 
max 
= Standard Heat of Reaction at 25°C 
= reaction activation energy 
= heat of combustion 
= ion 
= infrared analysis 
= ion intensity 
= ionization efficiency 
+ 
= I(R -R ) = ionization potential of species R1-R2, eV 1 2  
= Boltzmann constant 
= kilocalorie 
= constant in equation 
= literature 
= 'mass 
= mass/charge; indicates position of peak in mass spectrum 
= max2mum 
= milliliter 
= millimeter 
= ,mass spectrometric analysis 
= microsecond 
= mass 
= mass of ion 
= ,mass of neutral 
= .mass of parent 
= molecular orbital 
= ,molecular weight 
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= neutral fragment 
= nuclear magnetic resonance analysis 
= no convergence 
= Avogadro's number 
= number of atoms in molecule 
= parent molecule 
= electronic charge 
= ideal gas constant = 1.987 cal/moleO~ 
= fragment species 
= bonded fragments in parent molecule 
= ring strain 
= structural rearrangement energy term from hypothetical 
excited diradical to the ground electronic state, kcal/mole 
= 1) distance from ion focus grid 2) total distance traveled 
in electric field 
= instantaneous position 
= volts 
= velocity 
= velocity in X direction 
= initial velocity in X direction 
= terminal velocity of ion leaving electric field 
= terminal velocity of ion leaving electric field at ion focus 
grid 
= maximum ion velocity 
= time 
T = temperature, " C  or OK 
Trt 
= room temperature 
T = temperature of parent molecular ion in activated state 
P 
TE = total energy of molecule 
W8 = ion peak width at half height, sec 
Wb = ion peak width at base, sec 
X, Y, Z = cartesian coordinates 
cc = empirical parameter in equation (8) 
0 = ionization reaction cross-section 
6 = nmr proton shift, ppm 
P = density 
CHAPTER I 
INTRODUCTION APJD LITEMTURE .REVIEW 
General 
This study is concerned with the development and extension of 
cryochemical techniques into certain aspects of organic chemistry. 
Cryochemistry is concerned with the synthesis, isolation, and chemical 
behavior of molecules which do not exist under normal conditions of 
temperature and pressure because they are either too reactive or too 
unstable. In this work, cryochemistry is limited to the class of com- 
pounds which will exert a mass spectrometrically observable vapor 
pressure (10-4-10-3 torr) at a temperature at which it is stable. 
This limitation quickly resolves the potential molecules into a class 
of high vapor pressure molecules of low molecular weight and/or non- 
polarity and high reactivity and instability. This high reactivity 
may result from some electronic and/or bonding abnormality and further 
resolves the class into: 1) those species which are electronically 
excited and which exist in triplet states ( i . e .  methylene, etc. ) or as 
free radicals and 2) those ground state singlet species which possess 
such a strained structure that they are extremely reactive and/or un- 
stable. This thesis is concerned with this latter type of molecule and, 
in particular, 3-carbon membered, ring compounds. 
Primary Effort 
The primary effort of this work was to study a series of related, 
reactive, 3-carbon membered, ring compounds using cryochemical techniques. 
F r m  mass spectra and energy measurements at very low temperatures, a con- 
sistent body of calculated results were to be derived which would contain 
and relate such quantities as heats of formation, (A%), bond energies, 
(E), bond dissociation energies (DO ) and ring strain (RS). Within this 
energetic goal, we attempted to consider all different types of mass 
spectrometric experiments that would yield useful information. For a 
reactive molecule which is known to react and/or decompose at room tem- 
perature, one such experiment would be to obtain energetic data at a low 
temperature where the molecule is stable and compare that to similar 
energetic data obtained on the reacting species at room temperature in 
hqpes that a difference in states or structures would be energetically 
discernible. When this work was begun, two of the target molecules, 
cyclopropanone and cyclopropenone, had never been isolated and, conse- 
quently, much of the work involved synthesis and separation problems 
and techniques. The reactive olefin cyclopxopene, cgclopropane, and cyclo- 
butanone were also studied. The causes and results of instability of these 
molecules were roughly characterized, and characteristics relative to 
their convenient handling were also determined. 
- .  - 
Secondary Efforts 
During the course of this work, many secondary efforts were needed 
to develop the energetic results. This work includes developing techniques 
to measure the excess energy of ,mass spectrometric fragmentation processes, 
discussions and development of techniques to measure the ionization and 
appearance potentials (IP an AP) of ions with long-tail ionization effi- 
ciency (IE) curves, and the interpretation of ring fragmentation data. 
As a result, this work is also an extensive survey of the problems that 
can be encountered in obtaining mass spectrometric energetic data. 
Tertiary Efforts 
A tertiary effort is reported that involves the application of 
molecular orbital (MO) theory to these ring systems. This work in- 
volved no development of MO theory but merely the application of certain 
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available computer programs (i. e. those of pople, 97 Hoffman, 98 Klopman, 
and ~aird~') to these ring molecules. We wished to calculate IP and A% 
for comparison with experimental data and to use MO theory to help pre- 
dict the structure of these reactive molecules. For a very reactive 
species, experimental structural determinations may be a long time forth- 
coming and hence the mass spectrometric data reinforced by MO theory 
could provide some valuable insights. 
Ring Molecules 
At the outset of this work, cyclopropanone had not been isolated 
as a molecular species. In 1965-66, literature 40-43 on the preparation 
of its substituted derivatives began to appear, and, with the successful 
synthesis of derivatives such as tetra;methylcyclopropanone and 2, 2 
dimethylcyclopropanone, there came a flurry of activity directed towards 
the synthesis of the parent itself. 
Cyclopropanone had long been postulated as a reaction intermediate 
44 
and, as early as 1931, Lipp provided evidence suggesting that cyclo- 
propanone was an intermediate in the formation of cyclobutanone from 
Bet ene and diazomethane at -70'. Robert s45 investigated the validity of 
this proposal by determining the fate of tracer carbon-14 in diazomethane. 
His calculated and experimental results for the average distribution of 
carbon-14 at the carbon positions in cyclobutanone were in good agreement : 
experimental calculated 
The enhanced reactivity of cyclopropanone with diazomethane versus the 
relative stability of cyclobutanone under the same conditions was ration- 
alized as a result of the extreme strain in the 3-carbon ring. 
46 Kistiakowsky investigated the reaction of methylene with ketene 
in the gas phase by flash photolytic decomposition of ketene. He did not 
observe any transitory formation (as Roberts had seen in the liquid phase), 
and he postulated that the formation of cyclopropanone must be at least 
78 kcal exoergic, which is 13 kcal more than the minimum activation energy 
for the decomposition of cyclopropane. Hence, at low gas pressures, decom- 
position evidently occurred before collisional quenching. Cyclopropanone 
decomposed into ethylene and carbon monoxide by the breaking of two car- 
bon-carbon bonds. Later, ~istiakowsk~, 47 using a time-of -f light (T-0-2') 
mass spectrometer of 50 msec working cycle and 0.005 mole fraction sensi- 
tivity, estimated the life time of cyclopropanone as 360 msec from the 
flash photolysis of ketene in nitrogen dioxide. This, then, represents 
the time it takes cyclopropanone to decompose due to the energy released 
from the reaction of methylene with ketene. 
48 Davidson photolyzed ketene and diazomethane in a liquid nitrogen 
solution wherein the reaction products were quenched to -196". Infrared 
study revealed a band at 1825 cm-L that was attributed to the 3-membered 
ring by extrapolating the carbonyl liquid stretching frequencies of the 6-, 
5-, and )+-membered ketone rings. In an analogous low temperature experi- 
ment, he found that methylene reacts with ethylene to form primarily 
cyclopropane whereas, at room temperature, cyclopropane is cleaved (i. e. 
a carbon-carbon ring bond is broken) by this heat of reaction to yield 
propylene. On allowing the postulated cyclopropanone product to warm, it 
survived long enough to be observed spectrally. 
There have been other approaches to the synthesis of cyclopro- 
panone, 49'50 but none seemed as promising as the reaction of ketene with 
diazomethane. We decided to carry out the reaction at the lowest possible 
temperature to isolate the molecule as a pure, stable species. This task 
was realized by a liquid-liquid reaction at -150" and led to further mass 
spectrometric studies on this new reactive molecule such as determining 
its temperature stability and developing its molecular energetics including 
A? and ring strain estimates. The results of this work are presented 
herein. 
After this work was begun, two papers appeared almost simultaneously, 
both describing the low temperature syntheses (-78" ) of cyclopropanone 
from the reaction of ketene and diazomethane in solutions of methylene 
chloride51 and liquid propane.52 The use of low temperatures apparently 
quenched the product to prevent decomposition and the dilute solutions 
restricted polymerization of the product. The product was characterized 
in solution by nuclear magnetic resonance (rimr ), infrared (ir ), and mass 
spectrometry (ms). Reports on temperature stability and polymer formation 
were included and agreed with the results from this work. Since the 
publications of these two papers, a number of papers concerning cyclo- 
propanone have appeared. Although most of them are concerned with the 
reactions of cyclopropanone, 53-57 there have been some concerned with 
its structure 6 o 58'59; and there is a recent review paper which summarizes 
the literature at the time of this writing. 
Cyclopropane was investigated as an energetic base from which the 
molecular energetics of cyclopropanone could be discussed. The literature 
on cyclopropane discusses strain energies, heats of formation, IP and AP, 
structure, mechanisms, and reactions. If mass spectrometric data could 
be correlated with other existing data for this molecule, the similar 
interpretation of the new molecule, cyclopropanone, should be obtainable. 
The detailed discussions of these data from the literature are more 
appropriately presented in the text. The investigation of cyclopropane 
also proved to be a good exercise in the ,measurement of excess energies, 
the AP measurement of long-tail ions, and the interpretation of ring 
strain. 
In 1965-66, studies of substituted cyclopropenones such as di- 
phenylcyclopropenone74 and monoalkylcyclopropenone75 were reported, 
followed in 1967 by the synthesis of the unsubstituted ketoneT6 itself. 
As reported by B r e ~ l o w , ~ ~  the reaction of tetrachlorocyclopropene with 
tri-n-butyltin hydride at room temperature produces a volatile mixture 
of chlorocyclopropenes which, when collected in CC1 and hydrolyzed with 4 
water, produce the ketone in water solution. Arguments based on m r  and 
ir analyses are used to eliminate other possible structures for the prod- 
uct species. For example, it appears not to be the gem-diol, even in 
water solution. However, all attempts to separate and isolate the mole- 
cule have led to "...at least partial polymerization of the compound." 
Breslow and co-workers also report that the ketone may be extracted from 
water solution by polar solvents and that it is much less reactive and 
more stable than its saturated analog, cyclopropanone. This study de- 
duced that cyclopropenone had been synthesized and 2mplied that the isola- 
tion problem was due only to the tendency of the product to polymerize. 
Based on our previous work on cyclopropanone and the reactivity statements 
of this paper,76 we reasoned that cyclopropenone would most certainly be 
stable enough for cryogenic mass spectrometric analysis once it was sep- 
arated from solution. Since it could be extracted, the obvious approach 
was to find a polar solvent which would allow separation of the ketone at 
a low enough temperature to prevent polymerization. This attack on the 
problem is discussed more fully and the results are reported in this thesis. 
Cyclopropene, as one of the most reactive of olefins, was investi- 
gated for a number of reasons. The reactivity of this molecule is such 
that it is stable indefinitely at liquid nitrogen temperatures, poly- 
merizes slowly at dry ice-acetone temperatures, polymerizes readily at 
-36", and can be kept in carbon tetrachloride solution at -10" but not 
63 at room temperature . It has also been reported to polymerize with ex- 
71 plosive violence at room temperature . This species was investigated 
mass spectrometrically at a sufficiently low temperature (-140") that 
one could reasonably assume the molecule to be in a stable ground state. 
The results were then compared to similar ms data obtained at room tempera- 
ture on the reacting species in an undefined state. A transformation in 
state or structure caused by warming from -140" to room temperature may 
be energetically detectable by this mass spectrometric study. Such a 
finding, of course, would invalidate a large number of experimental data 
obtained at room temperature. The energetics and strain energy of this 
molecule would complement the data on other cyclic molecules and provide 
a base for the study of the energetics of cyclopropenone. 
A review of the literature on cyclopropene through 1963 is avail- 
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able . For cyclopropene and cyclopropene derivatives, this review collects 
and summarizes the available syntheses, chemical reactions, and physical 
properties and lists 287 references. The heat of formation has been 
calcula ted from combustion data, and the  r i ng  s t r a i n  has been estimated 
from various reactions.  The only previous appearance po ten t ia l s  reported 
a r e  f o r  t he  parent m/e 40 and m/e 39. The s t ruc tu re  i s  known and the  
polymer has been characterized. These data  a r e  a l so  incorporated i n to  
t he  appropriate sections of t h i s  t he s i s .  
CHAPTER I1 
APPARATUS AND EXPERIMENTAL TECHNIQUES 
General Cryochemical Techniques 
Cryochemistry 
Cryochemistry depends upon the adaptation of the common bench 
techniques of chemistry and unit operations of chemical engineering to 
low temperatures. The chemistry involves synthesis, analysis, and the 
determination of physical and chemical properties. The chemical engi- 
neering consists of designing systems for low temperature use which 
includes reactors, transfer lines, purifications, and special materials. 
Although, in this work, the systems were designed for use with a time- 
of-flight (T-0-F) mass spectrometer, the following remarks clearly apply 
to other means of identification. 
The design of a system is, in most cases, severely restrained by 
the thermal sensitivity and stability of the species to be studied. 
Warming can cause a low temperature molecule to lose its original iden- 
tity by several modes of destruction: 1) unimolecular decomposition; 
2) unimolecular isomerization or rearrangement to another structure; 
3) bimolecular reactions with itself (polymerization) ; and 4) bimolecular 
reaction with other species present. Within these modes of destruction, 
there emerge several possible handling situations: 1) all of the origi- 
nal molecules present in the sample lose their identity and, therefore, 
there are no original molecules for analysis; 2) most of the original 
molecules lose their identity leaving an insufficient number of molecules 
for successful analysis; 3) only some molecules lose their identity and 
there remains a sufficient number of original molecules for analysis but 
products are formed which will interfere with the analysis; 4) only some 
molecules lose their identity and there remains a sufficient number of 
original molecules for analysis and no interfering species are formed; 
and 5) any one of the first four situations with the added possibility 
of uncontrollable decompositions or reactions leading to explosion or 
other dangers. Situations 1, 2, 3, and 5 require treatment that allows 
no warming, i.e., an apparatus that contains provisions for synthesis, 
transfer, purification, and analysis at low temperatures. Such a low 
temperature device has been designed, built, and termed "cryogenic 
reactor-inlet system" by Malone. lo3 This apparatus was used in this work 
and it will be discussed briefly. 
Cryogenic Reactor-Inlet System 
The cryogenic reactor-inlet system consists of a 10 inch length, 
seven-eighths inch diameter tube which is reduced to a 15 inch length, 
one-fourth inch diameter tube. The resistance wire for electrical heat- 
ing is wound around six inch sections of both tubes and encased in pots 
that are cooled by circulating liquid nitrogen. The tubes are connected 
to a header plate and enclosed in a high vacuum casing which allows the 
inlet system to be attached to the mass spectrometer. Temperatures can 
be read by thermocouples which are embedded along the tubes and which 
are also connected to temperature controllers which regulate the heaters 
to balance the heat drain by the liquid nitrogen and allow the tempera- 
ture in each pot to be independently thermostated at any temperature 
from -196" to room temperature. The system can be mechanically moved 
such that an extension piece connected to the end of the smaller tube 
can be positioned whereby the exit channel through the piece makes grazing 
contact with the electron beam. The large tube serves as a reactor space 
in which, for example, reactions involving arcs or discharges can be 
carried out followed by rapid quench on the walls. By controlling the 
pots at different temperatures a low temperature, one-step, simple, se- 
parative distillation can be effected. The smaller tube then serves as 
a low temperature inlet system providing a refrigerated pathway for the 
molecule to the point of analysis. 
Synthesis Techniques 
In this work the distillation and inlet-analysis provisions of the 
cryogenic reactor-inlet system were used. The reactor provision was not 
needed as all the reactive molecules studied belonged to situation 4, in 
which the only problem is in manipulating the molecule in room temperature 
apparatus quickly enough so that an ample amount of the sample arrives at 
its destination unaltered. This type of temperature sensitivity allowed 
us to work with much greater variety and flexibility of apparatus and 
techniques than to be limited to only reactions adaptable to the reactor 
provision of the cryogenic reactor-inlet system. The individual syntheses 
are discussed in later sections in this chapter devoted to each molecule 
separately. 
Storage 
Since most of the molecules investigated were very reactive or 
unstable, these samples had to be stored at low temperatures to preserve 
the molecule and prevent explosions. The procedure used was to condense 
the gaseous molecule as a solid at liquid nitrogen temperatures in a 
glass  t rap .  The sample t r ap  was then evacuated of a l l  remaining a i r ,  
sealed from the  atmosphere by stopcocks, and kept i n  a dewar of l i qu id  
nitrogen which was replenished as needed. When the  sample was t o  be used, 
t h e  t r a p  was again evacuated a t  l i qu id  nitrogen temperatures ( i n  case a i r  
had leaked i n to  the  t r ap )  and the  sample t ransferred t o  other apparatus. 
Transfer 
The rapid t r ans f e r  t o  ensure t ha t  some of the  o r ig ina l  molecules 
arr ived a t  t h e i r  des t inat ion unaltered was accomplished by the  following 
technique: The ex i s t ing  sample i n  i t s  low temperature t r a p  was at tached 
by a room temperature l i n e  (usual ly  glass)  t o  the  dest inat ion apparatus 
(which could be another t rap,  ms i n l e t  system, e t c . ) .  With the  destina- 
t i o n  apparatus a t  room temperature the  t r ans f e r  system was evacuated t o  
nominally los2 t o r r .  Next t h e  sample t r ap  stopcock was opened and the  
e n t i r e  system was evacuated. This procedure prevented condensable gases 
i n  the  a i r  from being condensed on t he  cold samples. This i s  espec ia l ly  
important t o  these water sens i t ive  samples. Next the  dest inat ion appara- 
t u s  was cooled t o  low temperatures. The pumping was arranged so t ha t  the  
system was evacuated through t he  low temperature region of t he  dest inat ion 
apparatus. Removal of the  l i q u i d  nitrogen dewar from the  sample t r a p  
caused rapid  warning and vaporization of t he  sample which i s  a t t r ac t ed  
t o  t he  low temperature region of the  dest inat ion apparatus by high pres- 
sure  diffusion,  condensation, and pumping. 
When t h i s  type of t rans fe r  i s  made t o  the cryogenic i n l e t  system, 
t h e  mass spectrometer i s  used t o  "monitor" the  process and, hence, any 
non-condensables i n  the  sample o r  decomposition products would be detected. 
This combination of rap id  t r ans f e r  a t  low pressures worked well  i n  most 
cases to prevent polymerization. 
Purification 
The raw samples were first analyzed using the cryogenic inlet sys- 
tem. After monitored transfer to the inlet system, thermostated at liquid 
nitrogen temperatures, the raw sample was slowly warmed for ms analysis. 
From the ms data one could tell what products were present, at what tem- 
perature they exerted a detectable vapor pressure, and whether the sample 
could be analyzed as such or whether it needed further purification. 
Purification was required when impurities interfered with the analysis, 
and these were removed by repeated distillations. Such further distilla- 
tions were done within the inlet system itself by controlling the two pots 
at different temperatures or by a technique one might call "flash trap- 
to-trap distillation with mass spectrometric monitoring." 
 lash trap-to-trap distillatio~ with mass spectrometric monitor- 
ing" is performed with two traps as shown in Figure 1. The distance of 
room temperature line through which the molecules had to travel from one 
trap to the other was one to two feet while the distance of line to the 
electron beam of the mass spectrometer ranged from three to eight feet. 
Using the temperature data from the mass spectrometric analysis, two tem- 
peratures were chosen for flash distillations. The temperature of the 
raw sample trap was rapidly changed from -196" to a temperature just below 
the boiling point of the desired molecule by replacing the dewar of liquid 
nitrogen by a dewar of another suitable and precooled low temperature 
coolant. This allowed the more volatile impurities to vaporize and pass 
through the second trap at room temperature into the vacuum pump. The 
progress of the distillation could be followed by intermittently opening 

the stopcock to the mass spectrometer. The raw sample coolant dewar was 
then exchanged with another coolant dewar at a temperature which is above 
the boiling point of the desired molecule and allows the molecule to be 
flashed off and condensed into the other trap which has been cooled to 
liquid nitrogen temperatures. The progress of this step could also be 
checked by the mass spectrometer. When the desired molecule had been 
collected, the remaining high boiling impurities could be pumped away. 
This type of distillation not only removed the impurities but, by doing 
so, also saved much warmup time in the actual analysis experiments. 
Techniques for Varying Sample Temperature 
The cryogenic inlet system was used to obtain data on molecules 
at low temperatures. In the following discussions, results from this 
type of experiment will be termed "low temperature inlet." For some 
molecules it was desirable to compare data from very low to room tempera- 
tures. In several cases, the sample trap connected to the cryogenic in- 
let was analyzed by warming the trap with a low temperature coolant and 
instead of condensing the sample in the inlet, the sample was allowed to 
pass through the inlet system at room temperature and into the mass spec- 
trometer. In this manner the sample, after traveling through the room 
temperature apparatus and especially the one-sixteenth inch nose piece 
exit channel, is probably near room temperature. These data are described 
by "room temperature inlet. " Transferring the remainder of the sample 
into the now cooled inlet system and analyzing provided a means for com- 
paring low temperature and room temperature data. In some analyses, the 
sample was connected by a room temperature line to the ion source sample 
inlet line which required the molecules to flow through two feet of 
curved one-fourth inch tubing, s i x  inches of one-eighth inch tubing d i -  
r e c t l y  i n to  the  walls of the  ion source reaction'chamber, and di f fuse  out 
through a one-eighth inch o r i f i c e  i n to  the  e lect ron beam. The molecules 
must have made many co l l i s ions  with room temperature walls  and were as-  
sumed t o  be a t  room temperature. These data are  re fe r red  t o  as  "room 
temperature l i n e .  " 
Mass Spectrometric Analysis 
The T-0-F mass spectrometer, as t he  pr incipal  means of analysis ,  
w i l l  be discussed b r i e f l y  here (see  Appendix C f o r  a de ta i l ed  discussion 
of excess energy measurement). Molecules i n  the  gas phase a r e  bombarded 
by a pulsed e lect ron beam t o  form parent molecular ions and fragment ions. 
These ions a re  accelerated down a d r i f t  tube whereupon they separate ac- 
cording t o  t h e i r  m/e and a r r i ve  a t  an analyzer t o  produce an e lect ron 
current  re f lec t ing  the  r e l a t i v e  i n t e n s i t i e s  of t he  various ions formed i n  
t he  ion source. Ions of d i f f e r en t  mass a r r i ve  a t  d i f fe ren t  times and, by 
recording the  output i n t ens i t y  versus time, one obtains a s e r i e s  of peaks 
each corresponding t o  a d i f fe ren t  m/e. This "mass spectrumH can be re -  
corded by di rect ing t he  output s igna l  i n t o  a continuous recorder such as 
a Visicorder. The energy of the  ionizing e lect ron beam i s  var iable  be- 
tween zero and 100 vo l t s .  Ionization eff ic iency (IE)  data  can be obtained 
by recording t he  ion i n t ens i t y  versus e lect ron energy. Previously i n  t h i s  
laboratory t h i s  recording had been done manually u n t i l  the  adaptation of 
a Hewlett-Packard model 7001 X-Y recorder t o  the  system. 
The X-Y recorder proved t o  be a very useful  addi t ion t o  t h e  T-0-F 
mass spectrometric analyzing system. By direct ing the  output ion  current 
and e lect ron energy s ignals  i n t o  the  X-Y recorder inputs, a continuous, 
linear, IE plot of ion current versus electron energy could be recorded 
in a few minutes. Using the "linear match" or "initial breaks" AP methods 
(discussed in Appendix B), the AP of a sample ion and calibration ion 
could be obtained in 10 minutes. The advantages gained by using the X-Y 
recorder are many and include: 1) the actual time saved in doing an AP 
was enormous as compared to the previous method of using the Visicorder 
to collect the data, allowing a great many more measurements per experi- 
ment; 2) slowly changing ion output intensities caused by gas flow rates 
drifting or temperature-vapor pressure changes did not significantly 
change these rapid IE curves; 3) a quick record of the entire IE curve 
revealed any unusual problems (such as long-tail ions) and allowed one 
to choose the best IP technique; 4) quick measurements of IP before ex- 
perimental difficulties arose would prevent the experiment from being 
completely useless during the experiments when the sample was "irre- 
11% trievable from the inlet system. 
Data 
The data obtainable from the cryogenic inlet-mass spectrometer 
include: 1) mass spectra, 2) IE curves, 3) relative vapor pressure 
characterizations, and 4) excess energies involved in the electron impact 
dissociations of molecules. Discussions of instrumental techniques used 
for obtaining the above data are presented in detail in the appropriate 
appendix. 
Mass spectrometric data require calibrations. The mass peaks of 
* 
Once the sample is transferred to the inlet system, it is very 
difficult to reverse the transfer back to the original container because 
of the pumping arrangement of the apparatus. 
the mass spectrum must be identified as to mass number. The spacing of 
the mass peaks is directly proportional to the square root of their mass 
number. Knowing this, a permanent mass scale has been madelo3 to fit the 
Visicorder records. A problem arises because the analog output recording 
speed changes gradually with time and the mass scale must be periodically 
adjusted. The marking of low mass numbers is easily obtained by noting 
the ever present background spectra at m/e 12, 14, 17, 18, 28, and 32. 
At masses greater than 60, mass marking becomes difficult and above m/e 
100 very difficult because the distance between ion peaks becomes very 
small. This can be overcome by two means: 1) injection of a compound 
of high molecular weight into the spectrometer, or 2) as in the case of 
mass spectra of hydrocarbons, at very high ion source partial pressures 
or high analog sensitivities one can obtain an ion peak for nearly every 
mass number and simply count them. In obtaining IE data, the energy 
scale must be calibrated by using a gas for which the IP is accurately 
known. This was accomplished by: 1) using background molecules; 2) using 
gases from lecture bottles regulated by a vacuum flow control valve and 
injected into the ion source sample inlet line; or 3) using vapor (from a 
liquid whose temperature is thermostated by a coo1ant)which is also in- 
jected into the source sample inlet line. The background and liquid methods 
were most conveniently used when the intensity of the calibrating gas need 
not be critically adjusted. The lecture bottle was the best system for 
adjusting calibrating peak intensities. In obtaining excess energy data 
it was necessary to calibrate the effect of the analog gate width on 
peak width for a series of molecules over a range of molecular weights 
from four to 266, These liquids and lecture bottle gases were injected 
into the source in the manner described for IE calibrations as shown in 
Figure 1. 
Absolute vapor pressures were not measured, but the temperatures 
at which different compounds produced the same ion intensities were com- 
pared to give a relative volatility. 
Stability of Compound 
A logical question to ask about a low temperature compound is by 
what process is the molecule destroyed and what are the products. The 
temperature sensitivity of the molecules was studied by exposing the 
sample to higher temperatures in the following manner. All samples used 
for these experiments were at least purified of all the impurities which 
were more volatile than the desired molecule and, if the molecule could 
survive trap-to-trap distillation, all higher boiling impurities were also 
removed. The frozen solid, purified sample in a glass soaking trap con- 
tained in a dewar of liquid nitrogen was evacuated and then the samplewas 
isolated by closing the stopcocks. The dewar of liquid nitrogen was 
replaced by another with 2-methylpentane precooled to some desired tem- 
perature. The regions of the trap that the sample could reach as a gas 
were completely submerged in the coolant (see Figure 1). Small samples 
were used to insure that the trap would not over-pressurize from the 
vaporized samples. In this manner the trap was "soaked" at a fixed tem- 
perature for a definite period of time. The liquid nitrogen dewar was 
then returned and the sample quenched to -196". The sample was connected 
to the mass spectrometer for analysis. Opening the stopcock revealed any 
gases not condensable at -196". Slow warming from -196" to the tempera- 
ture at which the original molecule was observed revealed any volatile 
decomposition products of the molecule and also whether the "highn tem- 
perature soak had destroyed the molecule. Visual observations helped 
determine if and how much polymerization had taken place. By doing this 
at a series of temperaturestthe nature and degree of reactivity of the 
molecule could be studied. Once a temperature was reached which com- 
pletely destroyed the molecule, higher boiling products such as polymers 
could be investigated. Thus, starting with a trapped sample of the re- 
active molecule, the contents of which were known by previous analysis, 
this temperature soaking experiment would determine : 1) at what tempera- 
tures significant destruction of the molecule takes place; 2) if it de- 
composes, what the decomposition products are; and 3) if it reacts, what 
the reaction products are. 
In the discussion of results of this work, mention is also made of 
other possible factors that affect the stability of the molecules such as 
metal versus glass environment and exposure to water, air, etc. 
These experiments, in revealing the reactive nature of these mole- 
cules, necessarily dictate the handling techniques required for future 
work. 
Polymer Study 
In many cases the temperature soakings revealed polymeric residues. 
Little characterization was done on these polymers but they were heated 
in their traps to approximately 300' and s imulta,neously monitored with 
the mass spectrometer to determine their temperature stability and nature 
of decomposition. Comments on the solubilities of these residues came 
as a direct result of trying to clean the traps. 
Theoretical  Calculations 
The appl icat ion of molecular o r b i t a l  theory i s  discussed i n  d e t a i l  
i n  Appendix D. 
Individual  Ring Molecules 
Cyclopropane was purchased from Matheson Corporation, and it had 
a 99.0 percent minimum p u r i t y  guarantee. This gas was used as received 
and a l l  ionizat ion and appearance po ten t ia l  work was done a t  room tem- 
perature.  The l e c tu r e  b o t t l e  was connected t o  the  ion source sample tube 
by tygon tubing and t he  gas flow r a t e  was controlled by a high vacuum 
flow control  micrometer valve. About 10 d i f fe ren t  experiments were needed 
t o  obta in  I E  and mass spec t r a l  data. 
Preparation of Reagents. Ketene was prepared by t he  pyrolysis  of 
acetone on a heated filament by a process t h a t  we w i l l  discuss here b r ie f ly .  
A coiled, nichrome filament (0.0253 gage; 10 ohms) was suspended from two 
terminals i n  the  neck of a 500 m l  ref lux f l ask .  This f l a s k  was equipped 
with a heating mantel, a gaseous nitrogen i n l e t  tube, and a sp i r a l ,  water 
cooled, re f lux  condenser which l e d  t o  a processing t r a i n  of two t raps ,  
a l l  of which was evacuated by a mechanical vacuum pump attached t o  t he  
l a s t  t r ap .  Acetone was added t o  the  f l a s k  and heated u n t i l  a steady re-  
f l ux  was obtained, and t h e  vapor was thereby pyrolyzed over the  filament. 
The pyrolysis  products escaped i n to  the  processing t r a i n  where t h e  f i r s t  
t r ap  condensed unreacted acetone and the  second t r ap  was maintained a t  
l i qu id  nitrogen temperatures. Improved ketene yie lds  were produced by 
a very d u l l  red (barely v i s i b l e )  filament and shor ter  filament contact 
times obtained by continuously f lushing the apparatus with gaseous N 2 ' 
The apparatus was rurr about 380 t o r r  pressure and the  optimum temperature 
of the  f i r s t  t r a p  was around -60". These raw samples were mass spectra- 
* 
metr ical ly  analyzed and consisted mainly of ethylene (-180°), ketene 
* * * (-145" ), and acetone (-90" ) with t races  of methane (-190" ), propane 
* * 
(-150" ), and formaldehyde (-150' ) . The raw samples were pur i f i ed  by 
f l a s h  t rap- to- t rap d i s t i l l a t i o n s  and the  pure ketene was i den t i f i ed  by 
i t s  mass spectrum and IP. I n  t h i s  manner, a s i x  hour pyrolysis  yielded 
f i ve  t o  10 m l  of pure ketene which was s tored i n  l i q u i d  nitrogen. Ketene 
was prepared and reacted i n  g rea t  excess of diazomethane. Excess ketene 
was continually recovered from the  reactions,  restored,  and reused i n  
subsequent reactions.  
Diazomethane was prepared by the  react ion of 7.1 gm of b i s  (N- 
** 
methyl-N-nitroso) teraphthalamide with 20 m l  of NaOH (20 percent by 
weight) i n  50 m l  of ca rbe i to l  (2,2 '-oxydiethanol) and 200 m l  of diglyme 
(bis(2-methoxyethy1)ether) i n  a s t i r r e d  f l a sk  which allowed the  v o l a t i l e  
vapors t o  escape through a water cooled condenser and then pass i n to  a 
l i q u i d  nitrogen cooled t rap .  The e thers  and NaOH were added t o  t he  f l a sk  
and cooled t o  zero degrees a t  which time the  so l i d  amide was added and 
dissolved. Upon heating with a water bath t o  30°, the  f l a sk  contents 
t u rn  from a c lear ,  yellow-green solut ion t o  a yellow solut ion with white 
* 
These temperatures represent the  temperature a t  which t he  compound 
exer ts  a ms detectable vapor pressure. 
** 
This compound i s  avai lable  under the  t rade name MR-101 from 
E. I. duPont de Nemours & Company, Inc. 
caking p rec ip i t a t e  i n  about 15 minutes. The or ig ina l  synthesis c a l l s  f o r  
continued heating t o  d i s t i l l  the  product i n to  the  receiving t rap,  but 
t h i s  resu l ted  i n  impure yields.  Much quicker and more cleancut methods 
were used. One method was t o  cool the  f l a s k  back t o  zero degrees a f t e r  
t h e  reaction was complete and then t o  sweep the  diazomethane out with 
gaseous nitrogen. Another method was t o  use only 100 m l  of diglyme 
which allowed diazomethane t o  escape read i ly  from the  solut ion a t  30". 
The former method takes about 90 minutes and the  l a t t e r  about 30 minutes, 
and both products were much purer than before. The l a t t e r  method allowed 
some react ion a t  zero degrees while dissolving t he  amide and it was not 
used due t o  t he  possible danger of handling the  apparatus with gaseous 
diazomethane being evolved. The synthesis  and handling of diazomethane 
a r e  easy t o  follow s ince i t s  yellow color can be seen i n  solut ion and i n  
t he  vapor phase. Diazomethane i s  known t o  explode upon contact with 
rough surfaces, e tc . ,  and precaution was taken. About 20 samples were 
prepared without any problems, but then a sample exploded during a simple 
t r ans f e r  t o  another t r ap .  This t r ans f e r  involved d i s t i l l i n g  diazomethane 
from one l i q u i d  nitrogen t r a p  t o  another by removing t h e  l i qu id  nitrogen 
and pumping t he  evolved product from the  rapidly  warming t r a p  over i n to  
t he  receiving t rap .  The explosion was witnessed, and it was evidently 
caused by the  l i qu id  diazomethane super heating; when it f i n a l l y  bumped, 
it exploded. The explosion was not l i k e  a deep thud but more l i k e  a 
sharp crack, and it occurred with much force .  The raw samples were 
analyzed mass spectrometrically and found t o  consis t  of mostly diazometh- 
ane (-145") and small amounts of ethylene (-180" ), carbon dioxide ( - 1 5 0 " ) ~  
and e ther  (-50").  These samples were qu i te  e a s i l y  pur i f i ed  by f l a s h  t r ap -  
to-trap distillation. Diazomethane was identified by its mass spectrum 
and IP. It was noted that analysis via the metal inlet system led to 
about 50 percent decomposition of the product as indicated by the increase 
in ethylene and nitrogen. By lining the inlet system with glass, this 
decomposition was lowered to 10 percent and, thereafter, diazomethane was 
always handled in glassware. In this manner, a milliliter or so of pure 
diazomethane was obtained from the indicated amounts of starting materials. 
Reaction and Analysis. The reaction of diazomethane and ketene 
was carried out in a cooled, evacuated trap by arranging, at liquid nitro- 
gen temperatures, a yellow solid ring of diazomethane above a white solid 
ring of ketene (preferrably an excess of at least fivefold ketene). Upon 
plunging the trap into a dewar held at -150°, the yellow solid diazometh- 
ane became a viscous liquid which slowly ran down into and reacted with 
the now also liquid ketene producing a white solid and a volatile gas. 
The reaction was monitored by the mass spectrometer and the volatile gas 
was identified as nitrogen. The excess ketene was removed by warming to 
-120". The raw sample was quickly transferred to the cryogenic inlet 
system for low temperature analysis which detected two major product 
masses of m/e 56 and 70, analyzed at -90" and -70") respectively. These 
samples could not be purified by flash trap-to-trap distillation as prod- 
uct mass 56 was quickly destroyed by room temperature warming. With this 
rough knowledge of the reaction products, a series of experiments was de- 
signed to reveal the properties of the products. The starting point for 
each experiment was the product in a sample trap at liquid nitrogen tem- 
perature after the removal of excess reactant ketene. 
The low temperature mass spectrometric properties of the two 
product masses were obtained by t rans fe r r ing  t h e  sample t o  t h e  cryogenic 
i n l e t  system. The low temperature d i s t i l l a t i o n  provision was avai lable  
f o r  purifying only a few of the  i n i t i a l  samples as  an i r repa i rab le  vacuum 
leak between t he  sample tube and t h e  re f r igeran t  space of t h e  high tem- 
perature pot occurred and prevented t he  c i rcu la t ion  of l i qu id  nitrogen 
i n  t h i s  pot. Nevertheless, by simply using low temperature warming, a 
pu r i t y  of about 90 percent of m/e 56 (estimated from heights of most 
abundant peaks) and > 95 percent of m/e 70 a t  -90" and -70°, respectively,  
were obtained. Under these  conditions, t he  mass spectra,  AP, and excess 
energies of both products were measured. I n  addit ion t o  these  low tem- 
perature analyses, we attempted t h e  i den t i ca l  measurements on the  prod- 
ucts  56 and 70 by in jec t ing  the  react ion products i n to  the  ion source v ia  
a "room temperature l i ne . "  This proved t o  be a very i ne f f i c i en t  process 
as  it appeared t h a t  a t  l e a s t  95 percent of m/e 56 was l e f t  behind on t he  
walls of the  t r a p  as  a polymer. However, it was possible t o  obtain some 
data and these a re  reported. With the  samples prepared t o  t he  s t a r t i n g  
point  discussed above, the  temperature s t a b i l i t y  and polymer formation 
were s tudied by the  techniques d i ~ c u s s e d  previously i n  the  general  sect ion 
" s t a b i l i t y  of Compound. " 
Although product m/e 56 could be completely destroyed by room tem- 
perature  warming, product m/e 70 was thermally s table .  A pure sample of 
mass 70 could therefore  be obtained by allowing mass 56 t o  polymerize a t  
room temperature. I n  t h i s  manner, t he  measurements on product m/e 70 
could be obtained on a pure sample. Product mass 70 was i den t i f i ed  as  
cyclobutanone by a comparison of t h e  mass spec t ra  and I P  data  taken f o r  
it a t  -70' with the  equivalent data  obtained f o r  an authent ic  sample of 
* 
cyclobutanone i n  i den t i ca l  low temperature, cryogenic i n l e t ,  experiments. 
To obta in  data which required and involved d i f f i c u l t  experimental tech- 
niques, some of the  data reported here were obtained using the  authentic 
cyclobutanone. 
The method of preparing cyclopropene was e s sen t i a l l y  t h a t  of Closs 
and ~ r a n t z ~ ~  with t he  modifications of ~ e 1 1 . ~ ~  Since the  apparatus and 
procedure a re  discussed i n  d e t a i l  i n  these two references, t h i s  descrip- 
t i o n  of t h e  synthesis w i l l  be b r i e f .  The apparatus consisted of a three  
necked, s t i r r ed ,  react ion f l a sk  heated by a s t i r r e d  water bath and f i t t e d  
with a nitrogen i n l e t  tube, an addi t ion funnel, and an i c e  water jacketed 
condenser which was connected by assorted glassware t o  a processing t r a i n  
of a 2 N su l fu r i c  acid  gas wash bubbler followed by a l i qu id  nitrogen 
cooled product condensing t r a p  a l l  of which was evacuated by pumping 
through the  condensing t r a p  by a Duo Seal  mechanical pump, The synthesis 
of cyclopropene occurs from the  r ing  forming reaction of a l l y 1  chloride 
with sodium amide: 
1 )  mineral o i l  solvent 
2) 7 7 0 ~  CH CHCH C 1  + NaNH2 380 Torr 2 2 > Qf  
Ally1 chloride i s  added very slowly dropwise t o  a heated, s t i r r e d  solution 
of mineral o i l  and sodium amide. The unstable cyclopropene i s  evolved as 
a gas, and it (along with other v o l a t i l e  impurit ies)  i s  quickly swept 
along by dry nitrogen gas t o  t h e  product t r ap .  Cyclopropene begins t o  
* 
Obtained commercially from K & K Laboratories, Plainview, New 
York, #3906. 
polymerize a t  -80°, so the  product t r ap  was s tored a t  l i qu id  nitrogen 
temperatures. Because of the  polymerization problem, a l l  t r ans fe rs  of 
the  sample were made as quickly as possible. The above synthesis  yielded 
a condensed product of about 10 percent cyclopropene pur i ty .  These raw 
samples were pur i f i ed  by the  "f lash t rap- to- t rap d i s t i l l a t i o n "  technique 
and gave a qu i te  pure product. Six independent preparations of the  raw 
cyclopropene product were made. From each, depending on i t s  amount and 
pur i ty ,  several  pure samples of cyclopropene could be extracted.  Cyclo- 
propene was investigated both a t  -140" ( the  temperature when i t s  vapor 
-2 pressure i s  about 10 t o r r )  using the  low temperature i n l e t  apparatus 
and a t  room temperature. I t s  temperature s t a b i l i t y  and polymer formation 
were studied by the  techniques discussed e a r l i e r .  
Reagent Preparations. The e a r l i e r  reported synthesis  of cyclo- 
propenone76 consists  of t he  reaction of tetrachlorocyclopropene with two 
equivalents of t r i -N-butyl t in  hydride a t  room temperature i n  para f f in  o i l  
t o  produce a v o l a t i l e  mixture of mono, d i ,  and trichlorocyclopropene 
which, when taken up i n  C C 1  and hydrolyzed with cold water, gives an 4 
aqueous phase solut ion of cyclopropenone. Tetracyclopropenone was pre- 
pared by t he  react ion of KOH and pentachlorocyclopropane which, i n  turn,  
was prepared from the  reaction of tr ichloroethylene and trichlorosodium 
aceta te .  The t i n  hydride was prepared from the  react ion of t r i -N-butyl t in  
chloride and l i th ium aluminum hydride and the  e n t i r e  synthesis scheme i s  
summarized as follows : 
1) CH 0CH2CH20CH solution 
3 3 
CHC1CCl2 + N ~ + C C ~  CO- 3 3 C 1 
4) vacuum distill C1 C1 
1) water solutions 
2) 100" for 30 min 
C 1 > 
4) separate and distill C 1 C1 
1) ether solution 
2) LiAlH4 
3) 250 3 hours > (H CCH CH CH ) SnH (H CCH CH CH ) SnCl 4) water 3 2 2 2 3  3 2 2 2 3  
5) separate and dry 
6) distill 
1) mineral oil solution 
2 j (H~CCH~CH~CH~) 3 ~ n ~  
3 )  25" for 12 hours > 
4j distill 
1) CC14 
.g-Exz-+> 
3) separate 
The procedure for the synthesis of pentachlorocyclopropane was 
essentially that of with the modifications of Bell. 73 The dis- 
tillation product was collected in fractions and identified by mass and 
infrared spectrometry. The best yield was 11 percent versus the reported 
22 percent. This molecule is stable at room temperature and no storage 
precautions were taken. The tetrachlorocyclopropene procedure was also 
a combination of West and Bell  with t he  following modifications. West 
reports  t h a t  the  reaction takes place i n  30 minutes and t ha t  cooling i s  
necessary t o  keep the  temperature below 100". We found t h a t  no cooling 
was necessary as the  temperature remained near 25" and resu l ted  i n  a y ie ld  
o f  about 30 percent as  compared t o  the  reported 85 percent. By extending 
t he  react ion time t o  three  hours with constant shaking, the  y i e ld  i m -  
proved t o  65 percent. The d i s t i l l e d  product o r ig ina l ly  col lected as one 
product had a pu r i t y  of 65 percent as  compared t o  a reported 99 percent 
pur i ty .  By col lect ing the  product i n  f ract ions ,  the  purest  f r ac t i on  i m -  
proved t o  85 percent tetrachlorocyclopropene and 15 percent pentachloro- 
cyclopropane. The product was i den t i f i ed  by mass and in f ra red  spectrom- 
e t ry .  This compound i s  s tab le  a t  room temperature. 
The procedure f o r  the  preparation of the t i n  hydride was e s sen t i a l l y  
t h a t  of ~ u i v i l a ~ ~  with t he  modifications of ~ e 1 1 . ~ ~  The y i e ld  obtained 
was 67 percent as compared t o  the  reported 87 percent. Iden t i f i ca t ion  
was by mass spectrum. Although the  hydride i s  reported79 t o  be s t ab l e  
towards water, it reac t s  with oxygen t o  form a t i n  hydroxide p r ec ip i t a t e  
and, consequently, it was s tored under argon. When t he  hydride was used 
soon a f t e r  preparation, the  yie lds  of dichlorocyclopropene were good. 
After  long standing a t  room temperature (even under argon), the  solut ion 
turned cloudy from the  white p r ec ip i t a t e  and resul ted i n  poorer y ie lds  of 
dichlorocyclopropene. 
The apparatus73 f o r  the  synthesis  of dichlorocyclopropene consisted 
o f  a three  necked round bottom f l a sk  f i t t e d  with a dropping funnel, 
gaseous nitrogen i n l e t  tube, and a neck exi t ing t o  a l iqu id  nitrogen t r ap  
t o  which were connected a U-tube manometer and a mechanical vacuum pump. 
The optimum procedure79 was t o  add 15 grams of the hydride dropwise t o  a 
s t i r r e d  solution of three grams of tetrachlorocyclopropene i n  40 m l  of 
paraff in  o i l  which was cooled i n  an i ce  water bath. S t i r r ing  and reac- 
t i on  was continued overnight and the f lask  contents were d i s t i l l e d  a t  one 
t o r r  and room temperature in to  the receiving t rap.  The d i s t i l l e d  prod- 
uct consisted of a mixture of the mono, di ,  and trichlorocyclopropenes 
which was stored a t  -196" because the ~ r o d u c t s  polymerized rapidly a t  
room temperature. This was the s t a r t ing  point f o r  the synthesis of cyclo- 
propenone and various separation experiments. 
Synthesis. The f i r s t  experiment was t o  reproduce the or iginal  
synthesis of cyclopropenone by taking up the mixture of chlorocyclopro- 
penes i n  CC14, adding water, and subjecting the C C 1  and water layers t o  4 
nmr analysis. When the nmr spectra agreed with that  of B r e s l ~ w , ~ ~  it 
was concluded tha t  cyclopropenone had been synthesized and the work pro- 
ceeded t o  the attempted separation, isolation, and ms analysis. 
Separation. The problem was approached with the knowledge tha t  
cyclopropenone was only soluble i n  very polar solvents (such as water) 
and insoluble i n  non-polar solvents (such as C C 1  ). I t s  precursor, d i -  4 
chlorocyclapropene, was known t o  be soluble i n  non-polar C C 1  but the 4 
extent of i t s  so lubi l i ty  i n  more polar solvents was not known. The object 
was t o  arr ive a t  a f i n a l  solution which would allow cyclopropenone t o  be 
separated from the solvent a t  a low enough temperature t o  prevent poly- 
merization. The problem, then, i s  the choice of a proper solvent and 
processing scheme. 
The prime consideration i n  the choice of the solvent was the solu- 
b i l i t y  (or  non-solubility) of the ketone and water. The so lubi l i ty  of 
water and dipole moments of many solvents was obtained from the Handbook 
of Chemistry and Physics, 45th edition. The solubility of the ketone in 
these solvents was assumed to increase with increasing dipole moment. 
* 
There seemed to be only three general "classes" of solvents : 1) polar 
and water insoluble; 2) polar and water soluble; and 3) non-polar and 
water insoluble. Another factor considered for the solvent was the esti- 
mated temperature at which the solvent would be observed in the ms ex- 
periments. Using these solvents, there are several possible processing 
schemes available for preparing the final solution which is to be sepa- 
rated by low temperature distillation and mass spectrometrically analyzed. 
Taking up the dichlorocyclopropene with a non-polar solvent and hydro- 
lyzing with water will yield two phases, one of which is a ketone-water 
solution. However, using much less than the stoichiometric amount of 
water should produce one phase, a ketone-solvent-dichloroeyclopropene 
solution. Further variations include extracting the ketone with polar 
solvents or drying the solutions to remove water. If the dichlorocyclo- 
propene is taken up in a polar, water insoluble solvent, then the situa- 
tion is much like the above but with the ketone distributed between the 
polar solvent and water layers. However, if the dichlorocyclopropene is 
taken up in a polar, water soluble solvent and hydrolyzed, only one phase 
can result as the water is soluble. Less than the stoichiometric amount 
of water can be added to these solvents. From these considerations, 
there appeared to be only three types of final solutions for low tempera- 
ture separation: 1) the ketone alone in a solvent (of which water is one 
* 
Note that there are no non-polar, water soluble solvents. 
possibility); 2) the ketone and dichlorocyclopropene in the same solvent; 
and 3) the ketone and water in the same solvent. 
The factors affecting the choice of solvent and process were then: 
1) solubilities; 2) whether or not the solvent would allow the ketone to 
separate; 3) chemical inertness ; and 4) mass spectral interference. The 
water insoluble, polar solvents seemed to give the most promise and, of 
those available, methylene and ethylene chlorides were used. Acetoni- 
* 
trile, acetaldehyde, and nitrobenzene were selected from the water solu- 
ble, polar solvents. Carbon tetrachloride and paraffin oil represented 
the water insoluble, non-polar solvents. It was found that cyclopropenone 
seemed to be "bound up" with water such that the two were inseparable and 
always led to polymerization of the ketone. Therefore, later experiments 
concentrated on using water insoluble solvents and less than the equiva- 
lent (designated as drop water) amount of water needed for the reaction. 
In the course of the experiments, both dichlorocyclopropene and cyclo- 
propenone were found to polymerize quickly, so these experiments consisted 
of rapid manipulations at room temperature with intermittent liquid nitro- 
gen quenching. 
- - - 
* 
Water is slightly soluble. 
CHAPTER 111 
SYNTHESIS, ANALYSIS, AKD STABILITY RESULTS 
This chapter is devoted to the presentation and discussion of the 
most significant chemical results. The raw data for the mass spectra, 
ionization potentials, and excess energies are presented in Appendices 
A, B, and C, respectively. Energetics calculated from these results are 
presented in Chapter IV. It is again more convenient to discuss each 
molecule separately. 
Cyclopropanone 
Reaction and Identification 
The liquid-liquid reaction of diazmethane with ketene at -145" 
evolved a gas and produced other products which condensed onto the reactor 
walls as a white solid. The off gas was passed through the low temperature 
inlet system at -196" and then directly into the mass spectrometer. The 
mass spectrum of this non-condensable gas is presented in Figure 10 and 
shows masses 28 and 14 greatly increased relative to the other masses. 
It was noted that the ratio of 14 to 28 is about five percent from which 
we concluded that this gas was nitrogen. However, a rough IP was measured 
to be around 10.4 eV which is much closer to ethylene (10.6 ev) than to 
the other possible 28 masses of carbon monoxide (14.0 ev) or nitrogen 
(15.6 e~). Although the mass spectrum of the off gas usually showed 
only slight evidence of ethylene, it is quite possible that only a small 
amount i s  su f f ic ien t  t o  obscure t h e  higher IP  of nitrogen. The r a t e  of 
gaseous evolution was obtained by measuring t he  i n t e n s i t i e s  of masses 28 
and 14 versus time and i s  presented i n  Figure 2. It can be seen t h a t  the  
off  gas i n t ens i t y  increases rapidly  and l i n e a r l y  u n t i l  it peaks, a t  which 
time it begins t o  decrease almost a s  rapidly  as  i t  had increased, but i t  
soon slows and approaches an exponential decay ra te .  The ion souce i s  
fed by t h e  off  gas and evacuated by a d i f fus ion  pump. If t h e  input r a t e  
i s  much la rger  than t he  pumpout ra te ,  then t he  r a t e  of change of ion 
source i n t ens i t y  (or p a r t i a l  pressure)  i s  equal t o  t he  off gas feed r a t e  
which i s  e s sen t i a l l y  t he  r a t e  of gaseous evolution from the  reaction.  If 
t h i s  recorded, increasing, l inear  r a t e  of change i s  then an indicat ion of 
t h e  react ion ra te ,  it would, as  such, indicate  a concentration independent, 
zero-order, react ion which we explain as  a react ion a t  t he  surface of t h e  
two meshing l iquids .  The peak i n  t h e  curve i s  then re la ted  t o  t he  end 
of t h e  react ion followed by t h e  slower evacuation o f  t h e  source and reactor  
space by t he  di f fus ion pwap whose pumping nature i s  of exponential form. 
The ,major r e s u l t s  of t h e  ,many samples t h a t  were subjected t o  low 
temperature analysis  with t he  cryogenic i n l e t  system are  summarized i n  
Table 1 and t h e  mass spectra  a re  shown i n  Figures 8 through 10 (~ppendix  A ) .  
Whenever a l a rge  excess of ketene and very pure samples of ketene and diazo- 
methane were used f o r  the  reaction,  t he  only products produced were those 
of m/e 56 and 70 ( l a t e r  i den t i f i ed  as  cyclopropanone and cyclobutanone), 
analyzed at -90" and -70°, respectively.  In these  experiments, it was 
possible t o  obta in  more than 50 percent purity* of m/e 56 i n  t h e  to-tal  s o l i d  
* The p u r i t i e s  and product proportions as  reported i n  t h i s  t he s i s  were sub- 
jec t ive  estimations made by the  author based on r e l a t i v e  ion i n t ens i t i e s ,  
the  time needed f o r  pumping t he  sample away, e tc .  
0 mass 28 + 
0 mass 14 + 
TIME (MINUTES) 
Figure 2. Rate of Gaseous Evolution from Reaction of  Ketene and Diazomethane a t  -145" 
Table I. I.I:iss Spectra of Species Observed i n  Warming Cycloprogene and Cyclopropanone Raw Products 
Con~pound 1 3 1 . 1  Ml j o r  Peaks- ($ of  l a r g e s t  in/e) ms $ motes a 
Temp 
Cyclopropene 
synthes is  
carbon dioxide b 14 44(10O) 
impurity 42 42 (60) 41 (100) -145" 
l L C  
cyclopropene 40 40(60)39(loo) -140" 18 I 
Cyclopropanone 
synthes is  
n i t rogen o f f  gas 28 28(100) 14(5)  
excess ketene 42 42 (94) 41(27) 14(100) -140" d 
cyclopropanone 56 ~6(15)42(15)28(100)27(40)~6(49) - 9" 50 
cyclobutanone 70 70 (20) 42 (100) - 70" 50 
100 
diazomethane 42 42(~/7)28(50)14(100) -140" 
ethylene 28 28(100) 27 (60) 26 (60) -170" 
s ide  product 56 56(100) -120° 
s ide  r~roduct 56 'j6,55, . . . . '+9;42,41, . . . .37 -120° 
s ide  product 56 56,55, ....., 50;39 -130° 
acetone 58 58(30)43(100)15(30) - 90' 
s ide  product 74 7'd )57( 1 - 80" 
cyclopentanone 84 ~4(2)71(1)~6(6)43(100)42(50) - 25' 
a .  temperature a t  which species f i r s t  begins t o  e x e r t  a vapor pressure  t h a t  can be detec ted  
by t h e  mass spectronletric appara tus .  
b. subjec t ive  estiniate of product proportions based on peak i n t e n s i t i e s ,  pumping speed, e t c .  
c .  percents r e f e r  t o  rarr (unpur i f ied)  sample. 
d. normal r eac t ion ;  percents  r e f e r  t o  raw (unpur i f ied)  s o l i d  product a f t e r  ketene removal. 
e . i n ip~ t r i t i e s  and s i d e  products.  
Table 2.  PIass Slec-ira inti AF Ident i f icat ion of' Cyclopropane snd Cyclopropene 
Compound a rns Ion Mass peaks--$ of 1ar;:est m/e 
temp 
42 41 40 39 38 37 36 28 27 26 15 14 13 
cyclopropane 25 I ~ O O  80 29 65 1 4  11 3 5 36 16 5 7 3 
cyclopropane 38 100 91 32 70 15 37 
cyclopropane 26 lo0 92 30 74 15 11 2 32 13 4 6 
cyclopropene -140 60 100 36 23 6.8 (5 <2.3 5.7 <0.6 5.7 c2.3 
cyclopropene 25 60 100 40 24 6.0 13.6 <4.8 6.6 '0.9 4.2 '4.7 
propwe 73 100 79 29 20 5 
a ~ l e n e ~ ~  100 96 40 33 9 
I P  or  AP (eV) 
cyclopropane 25 10.3 13 .1  13.5 13.1 18.5 
cyclopropa.ne 10. 227 13. 428 13. I~~ 18. 6b 
cyclopropene -140 9.7 10.9 
cyclopropene 25 
cgclopl-opene 70 
propwe 69 10.54 12.06 
allene7' 10.16 12 .0  
a .  see Table 1 
b. average l i t e r a t u r e  value. 
Table 3. Mass Spectra Results o f  Cyclopropene Experiments 
Experinlent 
low temp i n l e t  
r = -150" 1.1 2.8 60 100 36 23 6.8 63.0 2.3 5.7 0.6 5.7 2.3 
room temp i n l e t  
t r a p t e m p = - 1 4 0 '  0 .6  4.0 58 100 39 23 5.9 3.6 3.3 9.0 0.9 6.6 3.3 
t r a p t e n l p z - 1 3 0 °  3.6 6.0 60 100 39 23 6.0 2 . 0  5.11 8.3 0.9 4.8 3.0 
temp l i n e  
t r a p t e m p = - 1 2 0 '  3.1 6.0 60 100 40 24 6.0 3.6 4.8 6.6 0.9 4 2  4.7 
t r a p t e m p = - 9 0 '  0.6 3.1 66 100 40 24 4.8 3.6 3 .1  6.6 0.6 3 .1  1.8 
Table 4. Mass Spectra and AP Results of Cyclopropanone Experiments 
a 
ms Ion Mass peaks--% of largest m/e 
Compound Source icnrp. 70 56 42 41 40 39 38 37 36 29 28 27 26 15 14 
d C ~ - C ~ H ~ O  lit.' room 30 o 100 9 2 9 7 8 6  
CY-C~H~O exp.' room 25 o 100 11 3 11 4 3 1 1 6 12 7 7 
mass70 exp.' room 24 o 1 0 0 1 1  3 9 3 3 1 2  7 11 6 7 
mass 70 exp. - 70" 20 (3) 100 14 16 5 5 2 12 8 
CY-C~H~O expqC - 75' 22 o 100 12 1 4 5 4 2  12 8 
d 
cy-c H o   it.^^ room o 18 14 
3 4 loo 38 38 
mass 56 exp. -90°(1) 15 15 5 4 4 4 3  100 35 34 
mass 56 exp.' - 87" (2) 15 10 100 40 40 
mass 56 exp. room (3) 15 5 100 30 25 
mass 56 exp.' heated 0 15 8 
polymer 
CY-C~H~O exp. - 70' 9.6 10.6 
mass70 exp. - 70" 9.6 10.6 
cy-C,+H60 exp.' room 9.4 11.0 
mass 70 exp. room 9.4 11.0 
-
b best value + 9.4 11.0 
9.8 
mass 56 exp. - 90' 9.2 10.2 
mass 56 exp. room 9.1 9.9 
-
b best value -+ 9.1 9.9 
a. see Table 1. 
b. author's evaluation of best value to be used for derived energetic calculations. 
c. experimental results of this study. 
d. assumed temperature. 
product, However, when diazomethane was in excess, the reaction product 
consisted mainly of product mass 70 with little product mass 56 and a new 
product m/e 84 (which appeared to be cyclopentanone from its mass spec- 
trum) . Although the slow diazomethane decomposition in glassware to form 
ethylene and nitrogen did not prove troublesome, its rapid decomposition 
in metal systems did. In one experiment, the reactants were transferred 
into the metal inlet system and condensed one on top of the other. Warm 
up of the products did not reveal much cyclopropanone or cyclobutanone 
but a new product m/e 56 at -130" and possibly a new product at m/e 42. 
It is very conceivable that diazomethane reacted with ethylene (from 
diazomethane decomposition) to f o m  cyclopropane (m/e 42) and then with 
cyclopropane to form cyclobutane (m/e 56). Note that these same results 
could occur from ethylene impurities in either reagent. At times acetone 
was detected during analysis but it was not concluded whether it had been 
in the ketene sample, was a reaction product, or had remained as a resi- 
due from cleaning the glassware. In a few other experiments there were 
unidentified m/e 56 parents appearing at very low temperatures ( -130" to 
-120"). Since the mass spectra of these parents consisted of groups of 
ion masses differing by masses of 1 and 14 within and between groups, 
respectively, they would appear to be hydrocarbons boiling at a lower 
temperature than the more polar cyclopropanone. However, it is interest- 
ing to inject the possibility of allene oxide which would occur from the 
attack of methylene on the double bond of oxygen rather than carbon as: 
n 
Allene oxide has been postulated as an alternate intermediate structure to 
cyclopropanone for many reactions and, as yet, it has not been isolated. 
One would expect its mass spectrum to consist of peaks 56, 42 (allene), 
28-26, 16 and 14. Since ketene (m/e 42) is also present at -130°, it was 
impossible to conclude anything about such a molecule. Also, by using pure 
reagents and excess ketene, all these other products were eliminated. 
Furthermore, methylene would have to be known to add to the carbonyl group 
to support this sort of argument. 
Since masses 56 and 70 have the same fragment ions, it was desirable 
to separate them as much as possible before attempting to collect energy 
data on the individual fragment ions. But since m/e 56 was destroyed by 
room temperature trap-to-trap distillation, the separation was performed 
within the cryogenic inlet system. Although, at these pressures, the 
molecules appear to boil 20" apart, it was not possible to completely 
separate the two by simple distillation. The best obtainable separation 
yielded a product containing about 90 percent of the mass spectrum being 
from cyclopropanone. This separation problem may result from the two 
molecules forming a solution but is also because cyclopropanone must be 
heated past the temperature at which it just appears if one is to obtain 
enough ion intensity for the energetic measurements. On the other hand, 
it was possible to remove essentially all the cyclopropanone from the 
cyclobutanone experiments by either pumping it away or by isolating the 
trap and letting it warm to polymerize all the cyclopropanone (see comments 
on stability). Therefore, it was possible to obtain data for product cyclo- 
butanone when only cyclobutanone was present. For this reason, these data 
reported fo r  cyclobutanone a re  not subject  t o  interference problems from 
cyclopropanone. The in terference problems which r e s u l t  from having both 
ketones (and a l so  a i r )  present during the  col lect ion of data on cyclopro- 
panone may o r  may not be important as each s i tua t ion  must be considered 
individually.  The mass spectra  a re  ea s i l y  corrected by subtract ing out 
t h e  contributions from cyclobutanone and a i r .  It was found t h a t  a l l  the  
AP of fragments from cyclobutanone were higher than the  AP of t h e  same 
fragments from cyclopropanone and, hence, minor fragment contributions 
from t h e  butanone did not i n t e r f e r e  i n  the  AP measurements on the  cyclo- 
propanone fragments. However, these  in te r fe r ing  contributions had a 
much more s ign i f ican t  e f f ec t  on t he  measured excess energy peak widths 
( r e f e r  t o  Appendices A, B, and c ) .  
Masses 56 and 70 were analyzed a t  both low temperatures and room 
temperature by the  techniques discussed previously. The summarized mass 
spectra  and AP data a re  presented i n  Table 4 along with the  corresponding 
data f o r  authentic samples of cyclobutanone and any avai lable  l i t e r a t u r e  
data. From Table 4 many observations can be made. Our r e su l t s  show tha t  
the  cyclobutanone and product m/e 70 molecules reveal  near ly  i den t i ca l  
mass spectra  whether they be measured a t  -70' o r  a t  room temperature and 
t h a t  t he  I ( ~ o )  and ~ ( 4 2 )  f o r  both molecules are  near ly  iden t ica l .  Prod- 
uc t  mass 70 was thus determined t o  be cyclobutanone formed by the  inser-  
t i o n  of methylene i n to  the  cyclopropanone ring.  Since cyclobutanone i s  a 
thermally s t ab l e  compound, data on it were taken a t  any convenient temper- 
a ture .  The mass spectra  of m/e 56 a t  -90" and room temperature agree well 
with t h a t  reported i n  the  l i t e r a t u r e .  These spectra  a r e  exact ly  what one 
would predic t  of t h i s  molecule i f ,  as i s  reported, t he  species decompose 
to carbon ,monoxide m d  ethylene upon formation in the gas phase: namely, 
large peaks at masses 28, 27, 26. The IP of mass 56 is quite low (9.1 e ~ )  
as it is, in general, for ring molecules. Note that this IP for cyclo- 
propanone is more than one eV lower than that (10.25 ev)lo2 for its open 
chain isomer, acrolein. This is explained by an increased ground state 
energy of cyclopropanone relative to acrolein and a decreased molecular 
ion energy due to the ability of the electronegative ring to accomodate 
the positive charge. Also, the ~ ( 4 2 )  = 9.9 eV and ~(28) = 10.2 eV are 
very low, in fact, lower than the I(C H ) = 10.6 eV itself. This is to be 2 4 
expected from a strained ring compound which has very weak ring bonds 
(needs little energy to break) and which can form new stable bonds upon 
fragmentation (release energy). 
It is sometimes possible to estimate the normal boiling point of a 
molecule by plotting, for a series of analogous molecules, the .molecular 
weight versus the reciprocal absolute temperature. In Figure 3 this is 
done for the 7, 6, 5, and 4 C-membered cyclic ketones and 3-C acetone 
and extrapolated to give the normal boiling point of cyclopropanone as 
about 60" which is about 40" lower than cyclobutanone. It would seem 
that this sort of empiricism is based on an assumed constant polarity 
among the group, but since polarity is not constant, one expects the 
boiling point of cyclopropanone to be somewhat different than esttmated 
here. Also, sho~m in Figure 3 are the normal boiling points for a series 
of ring hydrocarbons. If the same relative volatility is even only approxi- 
mately true at low temperatures one would expect cyclopropanone to be ob- 
served at approximately the same temperature as acetone (-95" ) and any 
RECIPROCAL TEMPERATURE ('K x 1 0 - ~ ) - l  
Figure 3. Estimation of Normal Boiling Point of Cyclopropanone 
hydrocarbon a t  m/e 56 should be expected t o  appear a t  -40" t o  -50" lower 
than tha t .  Considering a l l  the  evidence (including t he  f a c t  t h a t  mass 56 
w i l l  polymerize a t  temperatures as  low as -go0), mass 56 was concluded t o  
be cyclopropanone. 
Temperature Sens i t iv i ty  and S t a b i l i t y  
To t e s t  the  pos s ib i l i t y  tha t ,  with increasing temperature, t he  
cyclopropanone r i ng  might ex i s t  as  an excited t r i p l e t ,  or open up t o  
form a dipolar ion, o r  rearrange t o  some other isomer, t he  mass spectra  
and IP were compared a t  -90" and 25" but no s ign i f ican t  differences were 
found. Molecular orbital2'  calculat ions have predicted t h a t  t h e  open 
dipolar ion has a ground s t a t e  t r i p l e t  which i s  23 kcal/mole lower i n  
energy than t he  closed ring.  This difference should be re f lec ted  i n  
t he  IP, and it would be ea s i l y  observed. However, as t he  IP  of cyclopro- 
panone a t  -90" and 25" d i f fe red  a t  most by no more than f i v e  kcal/mole, 
we can conclude t h a t  no such change i n  s t ruc ture  occurs upon warming. 
Although t h e  mass spectra  a t  25" showed no increase i n  t he  ethyl-  
ene-CO masses r e l a t i v e  t o  t h e  mass spectra a t  -go0, fu r ther  experiments 
were necessary t o  determine t h e  temperature s e n s i t i v i t y  and s t a b i l i t y .  
It was noted t h a t  most a l l  of t h e  previous samples had l e f t  some polymer 
around the  ringed react ion surface of t he  t r a p  when they were t ransferred 
t o  t he  i n l e t  system which could have e i t he r  been formed during t h e  reaction 
a t  a "hot" spot or  during t h e  warming t o  t rans fe r .  In any event, the  poly- 
merization probably did not take place a t  -140" but a t  some higher tempera- 
tu re .  Also, i n  the  previously discussed room temperature experiments f o r  
obtaining mass spectra, about 95 percent of t he  o r ig ina l  cyclopropanone 
was left behind as a polymer and an amount of sample equivalent to that 
which lasted six hours at -90" lasted only 30 minutes at room temperature. 
A flow pyrolysis experiment to determine thermal decomposition would be 
complicated as it would be difficult to tell whether a change in spectra 
with temperature was the result of decomposition before or after the 
electron collision. Also, the AP of CH2C0 and C2Hq from cyclopropanone 
are numerically very close to their IP, and one could not distinguish, 
energetically, the source of these m/e. We decided to study the thermal 
decomposition of cyclopropanone into the possible ethylene, carbon monox- 
ide,ketene, and methylene products and also its polymer formation by 
heating isolated samples at constant temperature, quenching, and then 
analyzing. Cyclopropanone was subjected to a series of these temperature 
"soakings" from -196" to room temperature. Quenching to -196" and rewarm- 
ing these samples revealed any ring decomposition products and the status 
of m/e 56. Visual observations revealed polymer formation. It was found 
that cyclopropanone could be stored for weeks at -196" with no decomposi- 
tion or any apparent polymerization. A 30 minute soak at -90" revealed 
no decomposition but some polymerization. A 60 minute room temperature 
soak completely destroyed cyclopropanone and revealed polymer formation 
but no evidence for decomposition. In all of the experiments, the polymer 
was concentrated about the surface where the white reaction product solid 
had originally condensed out in a ring. 
Stability Discussion 
Analysis of the data from the initial cyclopropanone experiments 
had led us to suspect the molecule was decomposing before electron impact 
into ethylene (m/e=28), carbon monoxide (m/e=28), and ketene (m/e=42). The 
mass spectrum of cyclopropanone contains very intense m/e=28, 27, 26 peaks 
which are the same peaks as a mixture of carbon monoxide and ethylene would 
give. The appearance potentials of m/e 42 and 28 in the cyclopropanone 
spectrum were measured at 9.9 and 10.2 eV, respectively, and were quite 
close to the ionization potentials of ketene (9.6 e ~ )  and ethylene 
(10.6 ev). Furthermore, cyclopropanone decomposes upon formation in the 
gas phase to ethylene and CO. Our subsequent experiments revealed that, 
even if some of m/e 56 decomposed, a significant amount remains intact and 
that the amount of decomposition at -90" and room temperature has to be 
the same as the mass spectra are quite similar. This hardly seems possi- 
ble not only because of the temperature difference but also because of the 
different ways the samples are injected into the source. Also, it was 
shown that cyclopropanone does not decompose (in glassware) from 4-96' to 
room temperature. The only other possibilities are the decomposition on 
the metal walls of the ion source or thermal decomposition on the hot 
filament in the ion source. Again, the consistency of mass spectra and 
the introduction of the sample into the electron beam via the cryogenic 
inlet nosepiece would seem to rule out these possibilities. Note that 
the AP of any of the cyclopropanone fragment ions cannot be any Lower 
than its IP, 9.1 eV, and that, if the AP of m/e 42 and 28 are higher than 
reported here, both would lead to less ring strain as discussed in Chapter 
IV. Although stable indefinitely as a solid, cyclopropanone was found to 
begin to polymerize at temperatures down to -90". Since all the polymer 
product was localized where the frozen solid had been and began at a 
temperature where it exer ts  a detectable  vapor pressure, it was concluded 
t ha t  it begins t o  polymerize when it becomes a mobile l iquid .  This does 
not ,mean t ha t  it w i l l  not polymerize a s  a gas but tha t ,  i n  these experi- 
ments, it polymerized before much of it could become a gas. Cyclopro- 
panone should always be t rans fe r red  and handled very quickly within room 
temperature apparatus. This ,molecule appeared .more reac t ive  than cyclo- 
propene ( t o  be discussed).  
Polymer 
The polymer was a white, porous-looking, so l i d  which, when heated 
t o  200°, proved t o  be thermally unstable. The f i r s t  product observed 
upon heating was m/e 56 (see Figure 9)  which was in terpreted as trapped 
cyclopropanone and not a s  polymer decomposition. Then heavier, but  un- 
ident i f ied ,  peaks (m/e=58, 57, 56, 74, 73) were observed. The polymer 
was soluble i n  benzene, s l i g h t l y  soluble i n  gasoline, and insoluble i n  
acetone, alcohol, and water. 
Comments on the  Low Temperature Reaction 
The l iquid- l iquid  react ion of diazomethane with ketene has many 
in te res t ing  facets .  In  t he  s t r i c t  sense of the  word, diazomethane i s  
one of t he  few t r u l y  cryochemical reagents as  it reac t s  rapidly  a t  -145" 
without any external  source of act ivat ion.  This phenomenon may be due 
t o  t h e  generation of very reac t ive  methylene which a t tacks  electronega- 
t i v e  double bonds and s t ra ined r ing  bonds. 
The l iqu id  phase react ion was made possible by the  close melting 
points of diazomethane (-145" ) and ketene (-151" ) . Taking advantage of 
t h i s  enabled us t o  avoid a solut ion reaction and t o  obtain pure, i so la ted  
products. It a l so  enabled us t o  provide a low temperature quench f o r  the  
i n i t i a l  reaction product, cyclopropanone. This quench removes the  heat  
of reaction and prevents the  cyclopropanone r ing  from decomposing due t o  
the exothermic heat  of react ion as cyclopropanone does upon formation i n  
the  gas phase. The low temperature a l so  helps t o  r e s t r i c t  cyclopropanone 
from fur ther  react ing with diazomethane t o  form cyclobutanone and t o  pre- 
vent it from polymerizing. For one thing, a t  -145" cyclopropanone i s  
present as a frozen so l i d  which i s  l e s s  mobile and which probably has a 
higher ac t iva t ion  energy f o r  i t s  l o s s  processes. Also the  lower tempera- 
t u r e  k ine t i c a l l y  slows any react ion r a t e .  
For good y ie lds  of cyclopropanone, one must have pure reagents and 
an excess of ketene of a t  l e a s t  f ivefold .  Methylene w i l l  react  with mole- 
cules containing double bonds or  r ings and thus one must allow it t o  "see" 
a s  much ketene and as l i t t l e  of o ther  possible react ion partners as  possible.  
Cyclopropane 
Table 2 summarizes the  experimental mass spectra  and I P  from t h i s  
work and from the  l i t e r a t u r e  fo r  i den t i f i c a t i on  of cyclopropane. During 
the  experiments on cyclopropane, there  was no evidence of i n s t a b i l i t y ,  
r ing  opening, o r  polymerization. The energetics of cyclopropane a r e  d i s -  
cussed i n  Chapter I V .  
Cyclopropene 
The raw cyclopropene product ( t he  gas evolved from the  react ion 
and quenched i n  a l i qu id  nitrogen t r ap )  was warmed slowly from -196" t o  
room temperature and analyzed mass spectrometrically.  Table 1 shows the  
the compounds present, their major mass peaks, the approximate sample prod- 
uct proportions, and the temperature at which they exert a mass spectro- 
metrically detectable vapor pressure. The product proportion of cyclopro- 
pene was at most a poor 20 percent and this necessitated a great deal of 
"flash trap-to-trap distillation. " Repeated distillations completely re- 
moved carbon dioxide and allyl chloride but, because their vapor pressures 
were so similar, it was impossible to completely remove the impurity at 
mass 42 (identity unknown). The raw samples could have been transferred 
directly to the low temperature inlet system and warmed slowly to effect 
the purification and analysis. Doing the purification in the low tempera- 
ture inlet system proved inconvenient as it greatly prolonged the length 
of the experiment, and the adsorption properties of allyl chloride on the 
surfaces of the spectrometer were such that it required three days of 
pumping to clean it from the background. 
Table 3 lists the mass spectra of purified cyclopropene samples 
both from low temperature and room temperature experiments. Each experi- 
ment represents a different sample so the relative amounts of impurities 
change. These changes (ion intensity variations ) can also be due to the 
temperature-vapor pressure relations for the sample mixture. An analysis 
of this variation in impurity intensity leads to the following points of 
interest (mass 28 intensity fluctuations are caused by background nitrogen 
and will be omitted from discussion). Increasing and decreasing ion in- 
tensities at m/e 42 and 41 are accompanied by similar significant changes 
in masses 27, 15 and 13 and some changes in m/e 26 and 14. This means 
that, although the amount of impurities 42 and 41 may be reduced to as 
low as one to three percent of m/e 39, fragment ions produced from m/e 42 
and 41 can have a very significant effect on the same fragment ions pro- 
duced from cyclopropene because of the very low abundance of these cyclo- 
propene fragment ions. In other words, these ions from cyclopropene that 
have weak signals also appear to have been produced from the impurities 
present and the source of these ions cannot be ascribed only to cyclopro- 
pene. As will be discussed later in this thesis, these interference prob- 
lems led to unreliable AP measurements. 
Table 2 confirms the identification of cyclopropene. Its mass 
+ 
spectrum with C H as the largest peak distinguishes it from its only 
3 3 
isomers, propyne and allene. The l(cy-c H ) from this work is slightly 3 4 
lower than the reported value @. 6-9.7 eV versus 9.95 e ~ )  . Any energetic 
differences (0.3 e ~ ~ 6  kcal) in l(cy-c H ) in our work and the literature 3 4 
values are too small to be explained in terms of ring isomerization 
energy or ring strain. The strain energy is about 54 kcal/mole and the 
energy of isomerization to propyne is 22 kcal/mole. The MO calculations 
presented in Appendix D predict the IP of the lowest triplet as 1.6 eV 
lower than the ground state IP. If the abundance of this triplet was as 
high as 25 percent in a mixture of singlet and triplet, this would lead 
to about a 0.5 eV lowering of the IP. There was a 0.5 eV scatter in the 
measured IP but the scatter could not be attributed to a temperature 
effect. It must be concluded that, if cyclopropene changes structure 
upon warming, then either : (1) the IP of the new structure is very nearly 
that of ground state cyclopropene or (2) the new structure is present only 
in very small quantities. We believe that IP difference with the literature 
value is reasonable in view of the amount of scatter in the data and, 
in general, the poor agreement among workers studying IF by electron 
tmpact techniques. Furthermore, neither the appearance potentials nor 
the mass spectra indicate any change in structure. 
Previous work63 on cyclopropene reports that the molecule is 
stable indefinitely at liquid nitrogen temperatures, reacts slowly at 
-80') and reacts so rapidly at its normal boiling point, -36", that most 
of it is lost to the polymer. The polymer has been characterized as 
71 It has also been reported to explode violently at room temperature . 
From soaking the sample at a series of temperatures from -196" to room 
temperature, we found no volatile decomposition products but a polymer 
which was only noticeably formed at about room temperature. In fact, a 
one-week room temperature exposure destroyed most, but still not quite 
all, of the molecule. Analysis of this sample showed not only the polymer 
but some compound of molecular weight 80 which is believed to be the 
dimer. l?orkers7' have found that, in dilute methylene chloride solutions 
at -25", a good yield of the dimer is produced. The dimer has been 
characterized7' as 
Note that this requires the migration of a H atom. This species was not 
investigated in this work as the mass spectrometer was too limited for 
separating and analyzing the above versus another likely isomer below: 
We found no evidence of explosion and it is difficult to see what would 
cause one. This compound was found much more stable and easier to handle 
than would be expected from the literature. It is quite possible that 
sealing the soaked sample from the atmosphere prevents water or oxygen 
from initiating the chain reaction proposed polymerization mechanism. 
Also, the low trap pressure may help keep the polymerization rate slow 
and the polymerization may not be as evident with these small samples. 
In any case, the molecule can be easily worked with as aforesaid. 
Since the polymer was not noticed until temperatures at which the 
molecule is vaporized, the polymerization may occur in the gas phase. 
At room temperature the polymer appeared to be a white, waxy, 
solid which smears upon contact. The polymer was heated to near 300" 
and remained stable as mass spectrometric monitoring revealed no decom- 
position gaseous evolution. The polymer was soluble in benzene, slightly 
soluble in gasoline, and insoluble in acetone, methanol, and water. 
Cyclopropenone 
Verification of Literature Synthesis 
76 Our initial attempt to reproduce the Breslow synthesis was 
roughly done and resulted in poor yields and many impurities. However, 
nmr evidence f o r  t he  3, 3 dichlorocyclopropene and the  ketone were found. 
Although t h e  CC14 solut ion (before hydrolysis)  contained s ignals  f o r  3, 3 
and 1, 3 dichlorocyclopropene a t  6 = 8.0, 6 = 7.2, and 4.5, respectively,  
t h e  major port ion of the  nmr spectrum was due t o  unidentif ied impurit ies 
a t  about 6 = 3.3 and 1.2. After t he  hydrolysis, the  C C 1  layer revealed 4 
no 1, 3 and 3, 3 dichlorocyclopropene signals,  but re ta ined a l l  t h e  i m -  
pur i ty  s ignals .  The D 0 layer  from the  hydrolysis contained new signals 2 
a t  6 = 9 .1  and 5.1. The former s igna l  was i den t i f i ed  with the  9.0 
reported f o r  t he  ketone. The e n t i r e  synthesis  was repeated and Figure 4 
displays t he  r e s u l t s  of much improved qual i ty .  The mr analyses reveal  
t h a t  the  C C 1  solut ion before hydrolysis contained t h e  3, 3 dichlorocyclo- 4 
propene a s  the  major species present and t h a t  the  hydrolysis produced a 
qui te  pure water layer  with a sharp s i ng l e t  a t  6 = 9.2*. As i n  our i n i -  
t i a l  attempt, 6 = 3.3 and 3.6 corresponded t o  some impurity but apparently 
not the  same molecule characterized by 6 = 9.1 as the  r e l a t i v e  strengths 
of 6 = 9.1 t o  3.3 changed from sample t o  sample. These r e s u l t s  indicated 
t ha t  t h e  Breslow synthesis had been reproduced. These very same samples 
used f o r  nmr analysis  were a l so  subjected t o  mass spectrometric analysis  
and t he  ,mass spectra  were obtained f o r  t h e  chlorinated cyclopropenes and 
cyclopropenone product mixture. In a l l  experiments t o  follow, mass 
spectrometric analysis  alone was used t o  determine whether dichlorocyclo- 
propene was present before, but not present a f t e r ,  hydrolysis and from 
t h i s  it was assumed tha t  the  react ion had proceeded as  before t o  form the  
species t ha t  had given a nmr s igna l  a t  6 = 9.0-9.2". 
7 9 *The posi t ion of the  s ignal  var ies  with ac id i t y  of t he  solution . 
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Star t ing  with three  grams of tetrachlorocyclopropene, Breslow 79 
repor ts  y ie lds  of 39 t o  55 percent. With a f resh  tin-hydride solut ion 
we obtained yie lds  of 39 percent of which about 70 percent was dichloro- 
cyclopropene and the  remainder was a mixture of mono, tri, and t e t r a -  
chlorocyclopropenes. However, using t i n  solutions which had been stored 
long enough t o  t u rn  cloudy d r a s t i c a l l y  reduced the  y ie ld  t o  about 15 
percent. 
Schematic of Separation Experiments 
Figure 5 represents a general schematic f o r  t h e  operations in-  
volved i n  the  separation experiments. It shows how mass spec t r a l  analy- 
s i s  was used during the  experiments and, using t h i s  f igure ,  one should 
be able t o  follow the  reported data  i n  Table 6. The primes, double 
primes, and t r i p l e  primes r e f e r  t o  samples which were allowed t o  warm 
and remain a t  room temperature, heating the  polymer t h a t  was formed, and 
drying the  solutions over MgSO respectively.  I n  a l l  treatments of the 4' 
samples the  following pa r t i cu l a r  observations were made : 1) was dichloro - 
cyclopropene present before and a f t e r  the  hydrolysis? ( i . e . ,  d id  it re -  
a c t ? )  ; 2) what new products resu l ted  from the  react ion?;  3) how much 
water was present? ( ~ e r c e n t  of sample excluding the  solvent) ;  4) what 
was t he  solut ion appearance; and 5) what were the  appearance and heat- 
ing of any polymer t h a t  was formed? A l l  of these observations a r e  re-  
corded i n  Table 6. 
Background Data 
As w i l l  be discussed, cyclopropenone was not successful ly  isola ted.  
It i s  more convenient t o  f i r s t  present some background and supplementary 
information which i s  needed t o  analyze and discuss t he  separation problem 
I RESIDUE I I 
Figure 5. Schematic of Cyclopropenone Separation Experiments 
Table 5. Supplementary Mass Spectra Data for Cyclopropenone Experiments 
Mass Spectra 
a 
ms 
Compound temp major and distinguishing peaks ('$ of largest m/e) 
acrylic acid - 20 72(73)55(58)45(30)44(12)43(12)29(13)27(100)26(54)25(15) 
HCI-H~O solution - 50 38(30)37(6)36(100)35(20) 
H2° - 30 18(100)17( ) 
mono-chlorocyclopropene - 95 76(8)74(25) 39(100) 38(35) 37(35) 
di- - 70 112(1)110(6)108(8)75(40)73(100)37(40) 
tri- 
tetra- 
methylene chloride -120 86(36)84(58)51(30)49(100)47(18)35(12) 
acetaldehyde -115 44(100) 43(70) 47(20)29(100) 
ethylene chloride - 90 64(32)63(19)62(100)27(93)26(32) 
carbon tetrachloride - 85 12l(30)119(100)117(100)84(30)82(35)49(30)47(6O)45(33)37(3O)35(6O) 
acetonitrile - 70 41(100)40(52)39(19) 
nitrobenzene - 50 
paraffin oil ---- 
acrylic acid ethylester 56(12)55(100)45(11)29(29)27(60)26(18) 
ally1 acrylate 
propargyl alcohol 
ethylene ( 2 ~ ) ~  -180 
cyclopropene (40) - 140 
benzene (78) - 70 
methanol (32) - 75 
cyclopropenone (54) ? 
cyclopropanone (56) - 90 
acetone (58) - 95 
cyclobutanone (70) - 70 
acrylic acid (72) - 20 
a. refer to Table 1. 
b. molecular weight. 
Table 6. S~unmary of Mass Spectra from Cyclopropenone Experiments 
Separation Process Check for Presence: 
cy-C H C1 H 0 
3 --C. polz- ms d Mass Spectra ($ of largest m/e) 
Solvent Treatment bef. aaft. a %b mer temp 
- 95 monochlorocyclopropene 
- 70 dichlorocyclopropene refer to Table 5 
- 50 trichlorocyclopropene 
108 
I 
124(25)~~2(35)89(30)87(100)51(100) 
warm ---[1' yes no 30 yes 0 101(10)88(20)59(100)58(40)45(30)43(8)29(35) 
heat <; 200 101(6)88(12)59(100)58(54)45(33)43(21)29(39) 200 72(40(55(40)27(100)26(40)25(10) 
1" 200 HC1 
warm i yes yes il yes -150 HC1 
( vacnml){l' - 60 72(4)55(70(27(100)26(30)25(12) 
heat 3;'; 200 101(6)88(12)59(~00)58(45)45(38)43(24)29(45) 200 72(20)55(70)27(100)26(40)25(15) 
1" 200 HCI 
CC14 
drop +' E k e s  30 no - 60 92(30)~(100)64,6~(20)6~,61(60)29, 27. 26 
water - 60 72(75)55(50)27(100)26, 25 o 72(~5)55(65)27(100)26(45)25(10) 
92(3o)~(io0)64,63(18)62,61(50)29, 27, 26 
excess 72(30)55(62)27(100)26, 25 
prater - 20 92, 90 
- 20 72(55)55(45)27(100)26, 25 
- 20 HC1 
0 72(14)55(63)27(100)26, 25 
50 - 30 HC1 
c ~ H ~ c ~ ~  extract 3 - 30 72(65)55(65)45(30)27(100)26(30)25(6) 
0 72(20)55(70)45(8)27(100)26(80)25(20) 
CH CN 
3 3: - 10 loa(15)74(12)43(95)40(100) 
- lo 72(50)55(70)27(100)26(95)25(40) 
yes no 70 yes - 40 72(60)55(80)27(100)26(60)25(15) 
excess 
- 20 92(30)90(100)64, 62, 29, 27, 26 
prater 20 - 30 72(32)55(65)27(100)26(50)25 
HCI 
72(20)55(70)27(~00)26(45)25(20) 
C H ~ C I ~  extract - 6'" 72(36)55(50)27(100)26(60)25(20) 
C2H40 4'" yes no 50 yes -110 72(25)55(65)27(100)6, 25 
CH2C12 ] no new results 
C H NO 
6 5  2 
yes no 50 yes - 80 72(6)55(60)45(20)27(100)26(45)25(25) 
- 60 ~~(3o)9o(ioo)64,63(40)6~,6~(4o)29(6~)27(100~26~70~ 
25 55(100)27(20)26(8)25(3) 
25 HC1 
heat ---44'' HC1 and 72, 55, 27, 26, 25 {: yes no 80 yes - 30 101(8)88(20)59(100)58(40)45(64)43(32)29 
- 30 72(70)55(60)27(1OO)26(45)25(12) 
200 HCI 
200 101(~0)88(2o)59(10o)58(4o)45(70)43(4o)2~(7o) 
4" 200 72(24)55(60)27(100)26, 25 
a. check for presence of dichlorocyclopropene (cy-C H C1 ) before and after water hydrolysis; 2 2 b. refer to Table 1; c. check for presence of poaymer or residue formed during reaction; 
d. refer to Table I; e. solvent free reaction. 
( r e f e r  t o  Table 5 ) . Cyclopropenone was reportedT6 t o  hydrolyze upon stand- 
ing i n  water solution a t  room temperature (tl = 1 week) t o  ac ry l ic  acid 
Z 
so the  mass spectrum of the  acid was obtained from an authentic sample. 
Likewise, HC1, which i s  produced as an off gas from reactions of the  
chlorinated cyclopropenes, was characterized. By simple low temperature 
d i s t i l l a t i o n  of the  chlorinated cyclopropenes, a f a i r l y  good separation 
was obtained. The mass spectra  of these species a re  shown i n  Appendix A. 
Occasionally the  synthesis  and pur i f i ca t ion  of chlorinated cyclopropenes 
produced other products. The mass spectra  of two such products, product 
parent 122 and product parent 108, a r e  shown i n  Figures 12 and 14,  h he 
iden t i f i ca t ion  of a l l  these unknown products w i l l  be discussed together 
a f t e r  t h e  presentation of t he  data.  ) 
The temperature s t a b i l i t y  and polymer formation of t h e  chlorinated 
cyclopropenes was obtained t o  he lp  determine what was happening with the  
ketone. The following observations were made: Tetra and tr ichlorocyclo- 
propene appeared f a i r l y  s tab le  t o  exposure t o  a i r  and room temperature; 
monochlorocyclopropene was s t ab l e  t o  temperature and air but reacted i n  the 
presence of water; dichlorocyclopropene appeared qu i te  reac t ive  i n  the 
presence of water and a i r  with temperature having a l e s s  important e f fec t  
on i t s  s t a b i l i t y .  When a mixture of chlorinated cyclopropenes was l e f t  
a t  room temperature and open t o  a i r ,  t he  mixture began t o  t u rn  yellow 
within minutes and continued t o  darken t o  a dark brown polymer. The mass 
spectra  of t h i s  yellow liquid,  product parent 101, a r e  presented i n  
Figure 13. During t he  t rap- to- t rap d i s t i l l a t i o n  of chlorinated cyclopro- 
penes which required the  product t o  t r a v e l  through a room temperature 
l ine ,  it was noticed t h a t  H C 1  was being produced and some of the  a r r iv ing  
product was beginning t o  t u rn  brown. Some react ion was occurring, and 
the  following s e t  of experiments revealed the  necessary conditions f o r  
t h a t  reaction.  A sample of f a i r l y  pure dichlorocyclopropene was l e f t  
overnight open t o  t he  a i r  a t  room temperature. Quenching t o  -196" and 
subsequent warmup with mass spectrometric analys is  revealed t ha t  a l l  
t h e  dichlorocyclopropene had reacted and the  only v o l a t i l e  product was 
t he  product parent 101 (noted e a r l i e r )  which appeared near room tempera- 
tu re .  Heating the  brown polymer evolved more product parent 101, a great  
dea l  of HC1, and a compound of mass peaks 72, 55, and 27 ( re fe r red  t o  as 
hydrated cyclopropenone). An iden t i c a l  experiment was performed but with 
t he  t r a p  evacuated and sealed from the  a i r  and the  r e s u l t s  seemed t o  
catch the  react ion midway. Trapped H C 1  gas was obtained a t  -150". A l -  
though almost a l l  of t he  dichlorocyclopropene had survived the  experi- 
ment, a new product of spectrum m/e 55 and 27 (and poss ibly  72) was 
observed near -60". This time mass 55 was much grea te r  r e l a t i ve  t o  mass 
72 than from the  f i r s t  experiment. There was a l so  a brown polymer which 
when heated evolved product mass 101, HC1, and t h e  hydrated cyclopro- 
penone. In a t h i r d  experiment, a t r a p  sealed from a i r  and s tored a t  
-196" survived with no apparent reaction.  From these  observations, it 
w a s  concluded t h a t  dichlorocyclopropene reac t s  with o r  i s  catalyzed by 
e i t h e r  oxygen and/or water i n  the  a i r  l i be r a t i ng  H C 1  gas t o  form i n i t i a l l y  
a molecule whose predominant mass peaks a r e  55 and 27 (and possibly 72) .  
Possibly it fur the r  r e ac t s  t o  form a yellow l i qu id  which appears t o  be 
an e ther  o r  alcohol (see Section " ~ n t e r p r e t a t i o n  of Mass spec t r au )  and 
and then t o  form a brown polymer from which, when heated, product parent 
101, HC1, and masses 72, 55, and 27 a r e  evolved. 
Solvent Separations 
The o r ig ina l  synthesis  of taking up t he  mixture of chlorinated 
cyclopropenes i n  CC14 and adding water t o  produce an aqueous phase of 
cyclopropenone was repeated a number of times with f a i r l y  consis tent  
r e su l t s .  The addi t ion of a drop o,f water t o  t he  CC14 solut ion of 
chlorinated cyclopropenes produced only a C C 1  phase which contained 4 
unreacted dichlorocyclopropene and new products, parent mass 90 and 
masses 72, 55, 27. Water was a l so  present i n  a s ign i f ican t  quantity. 
Addition of excess water produced another phase and ms analysis  of 
both C C 1  and water revealed t ha t  a l l  t he  dichlorocyclopropene had reacted 4 
and more of t h e  above two products had been produced which were present 
i n  both phases but  concentrated i n  t he  water phase. Upon warming t he  water 
phase from -196' t h e  r e l a t i v e  heights of 72, 55, 27 change from -20" t o  
0". A t  -20°, HC1  i s  evolved. The m/e 72, 55, 27 molecule was extracted 
by C H C 1  and ms analysis  again showed t h e  changing m/e 72, 55, 27 re la -  2 4  2 
t i v e  peak heights and HC1 evolution. In  other experiments of t h i s  type 
with CC14, t h e  molecule characterized by mass peaks 72, 55, 27 was re-  
peatably made. In a few instances, a molecule whose parent mass appeared 
t o  be 108 was present i n  the  aqueous phase (see Figure 1 4  f o r  mass spec- 
trum). From these r e s u l t s  it would, seem t h a t  a number of molecules can 
be synthesized from t h e  reaction, but  t h e  primary products a r e  t he  ones 
characterized by mass peaks 72, 55, and 27 and product mass 90. It was not 
possible t o  separate cyclopropen?Me from water whether by adding much 
l e s s  than the  stoichiometric amount of water or by extraction.  It appears 
t h a t  t h e  cause of t h i s  i s  a combination of the  f a c t s  t ha t  water i s  
s l i g h t l y  soluble (by mass spectrometric standards) i n  a l l  these solvents 
and t h a t  water and t h i s  molecule seem t o  be "bound up" together. 
The hydrolysis of dichlorocyclopropene was ca r r ied  out i n  a number 
of other solvents t o  t r y  t o  separate cyclopropenone and water. When 
t h e  chlorinated cyclopropenes were taken up i n  ace ton i t r i l e  and water 
added (soluble i n  ace ton i t r i l e ) ,  t he  dichlorocyclopropene reacted and 
t h e  two products, product parent 90 and hydrated cyclopropenone, were 
obtained. Drying the  product over MgSO did not remove a l l  of t he  water 4 
and analysis  revealed 72, 55, and 27 s t i l l  present with a s ign i f ican t  
amount of water. However, product parent 90 was removed. A residue was 
l e f t  and when warmed evolved H C 1  and 72, 55, 27. The CH CN solut ion was 3 
extracted with CH C 1  dr ied over MgS04, and upon analysis, i t  was found 2 2' 
t o  contain m/e 72, 55, 27, and much H20. During t h i s  extraction it was 
noted t h a t  a yellow color was extracted with t he  72, 55, 27 species. 
In a s imilar  experiment, t h e  chlorinated cyclopropenes were taken up i n  
acetaldehyde, hydrolyzed with one drop of water, analyzed, hydrolyzed 
with excess water, analyzed, dried,  and analyzed. The only s ign i f ican t  
f inding was t ha t  ion masses 55 and 27 appeared at a much lower tempera- 
t u r e  (-110" ).  Other solvents used f o r  t he  react ion were methylene chloride, 
ethylene chloride, and nitrobenzene. No d i f fe ren t  r e su l t s  were obtained. 
Non-solvent Syntheses and Separations 
The f a i l u r e  t o  i s o l a t e  cyclopropenone led  t o  a few l a s t  attempts 
t o  obtain even a t r ace  of t he  ketone by other means. In one experiment, 
pure dichlorocyclopropene and water were condensed (under vacuum) one 
on top of t he  other a t  -196". Plunging the  t r a p  t o  -80" and slowly warm- 
ing revealed t he  following r e su l t s .  Almost immediately a t  -80" a small 
amount of mass peaks 55 and 27 was noticed and followed by t he  major 
product, parent mass 90 a t  -60". A t  25", H C 1  was evolved and a l a rge  
mass peak 55 was obtained. Heating the  polymer fu r ther  evolved K C 1  and 
72, 55, 27. These data, except f o r  the  25" m/e 55 evolution, a r e  con- 
s i s t e n t  with t he  previous data.  In another experiment, water was added 
t o  pure dichlorocyclopropene (open t o  a i r )  and a f t e r  t h e  react ion t he  
contents were quenched t o  -196" and warmed slowly. A t  -30" product 
parent 101 (previously obtained from warming a sample of dichlorocyclo- 
propene i n  the  presence of a i r )  appeared along with 72, 55, and 27 formed 
from the  reaction.  In  s t i l l  another experiment, water was added d i r e c t l y  
t o  t he  chlorinated cyclopropenes a s  they were formed i n  paraff in  o i l ,  
s t i r r e d  f o r  a few hours, then flashed off and analyzed. Although some 
new product masses appeared, none seemed obviously r e l a t ed  t o  t he  de- 
s i r ed  ketone and these  data  were not analyzed any fur ther .  
In te rpre ta t  ion of Mass Spectra 
The most s ign i f ican t  mass spectra  of the  products of the  cyclopro- 
penone experiments a r e  reported i n  Table 6 (shown i n  Figures 11-14). 
Because the  mass spectra  of many of t h e  products a r e  not avai lable  i n  
t h e  l i t e r a t u r e ,  t h e  da ta  were f i r s t  analyzed as  t o  number of chlorine 
atoms per fragment, and then the  most l i k e l y  s t ructures  were suggested. 
The na tura l  abundance of chlorine isomers i s  ~1~~ :c13'= 3 : l  and 
the  probabi l i ty  of any par t i cu la r  C 1  atom having mass 35 or 37 i s  
three-fourths and one-fourth, respectively.  Take f o r  example, te t rachloro-  
cyclopropene, which gives a parent ion and fragment ions containing 4, 
3, 2, 1, and 0 chlorine atoms. The probabi l i ty  d i s t r i bu t i on  of molecular 
weights i s  determined by considering t he  product of p robab i l i t i e s  of 
each chlorine atom. The r e l a t i v e  abundances of peaks i n  t he  mass spectra  
a r e  then the  r a t i o  of these p robabi l i t i e s .  The calculations f o r  t e t r a -  
chlorocyclopropene a r e  shown i n  Table 7. The lowest possible parent 
35 
molecular weight i s  176 considering a l l  four as  C 1  . As can be seen, 
t he  number of s ign i f ican t  peaks corresponding t o  a par t i cu la r  fragment 
corresponds t o  t he  number of C 1  atoms plus one and a r e  i n  the  r a t i o s  
shown. Note tha t  a s ingle  peak indicates  no C 1  atoms. These calculated 
r e l a t i ve  i n t e n s i t i e s  a l so  apply t o  t he  other chlorinated cyclopropenes 
and any other chlorine products. Table 5 shows t ha t  the  mass spectra  
of a l l  t he  chlorine products and solvents follow these  calcula ted d i s -  
t r i b u t  ions very closely.  
The mass spectrum of ac ry l i c  acid, HC1, dichlorocyclopropene, 
and tetrachloropropene a r e  reported i n  Figures 11 and 12. Two other 
products from the  dichlorocyclopropene synthesis, product parents 122 
and 108, a r e  shown i n  Figure 12. From the  r e l a t i v e  peak heights of 
124:122 and 89:87 it can be seen t h a t  product parent 122 contains two 
chlorine atoms and compound 3 of Table 8 appears t o  be t he  most l i k e l y  
molecule. Parent 122 was seen only r a r e ly  and with very pure dichloro- 
cyclopropene yie lds  it was not obtained. Furthermore, hydrolysis of 
pur i f i ed  dichlorocyclopropene d id  not produce it, so t h i s  compound was 
t en t a t i ve ly  ignored. 
* 
Table 7. Determining Relative Mass Spectra from C 1  Isotopes 
NumberClAtoms IonMass Probability 
- - - - - 
Relative Ratio 
0 79 only one mass 
X 
tetrachlorocyclopropene example. 
H 
neglected these low abundance masses. 
Product parents 108 and 162 could be t he  dimer and tr imer of cy- 
clopropenone. Parent 108 was a l so  made during water hydrolysis and it 
was ser iously  considered as  an important product. 
Parent 101 produced from warming the  chlorinated cyclopropenes 
has the  mass spectrum shown i n  Figure 13. From t h e  s ing le  peaks, we 
conclude it contains no chlorine atoms and the  abundant peaks a t  masses 
59 and 58 imply it i s  an e ther  o r  alcohol. The s t r uc tu r e  of t h i s  species 
i s  not obvious and it i s  noted t ha t  it i s  produced only when pure chlo- 
r ina ted  cyclopropenes a r e  allowed t o  warm and not  i n  the hydrolysis. 
The most l i k e l y  explanation i s  t h a t  it i s  formed from the  react ion of 
dichloracyclopropene with oxygen and followed poss ibly  by fu r the r  poly- 
merization react  ions. 
The other product i n  t he  warming of chlorinated cyclopropenes, 
parent mass 72, was a l so  predominant i n  t he  spect ra  of the hydrolysis 
experiments. From t h i s  it was concluded t ha t  t h i s  product i s  formed by 
t he  react ion of dichlorocyclopropene with water. Examination of i t s  mass 
spect ra  (see Figures 13 and 14  and Table 6 )  shows s i ng l e  peaks (no chlo- 
r i n e  atoms) and t he  same fragment masses as  a c ry l i c  acid.  However, none 
of t he  recorded mass spec t ra  ( a t  l e a s t  50 t r a c e s )  agreed with t h a t  of 
the  authentic a c ry l i c  acid. Table 5 l i s t s  the  mass spec t ra  of three  
compounds: ac ry l i c  ac id  e thy l  es ter ,  a l l y 1  acryla te ,  and propargyl alcohol 
which a l l  produce an abundant fragment mass 55. From an analys is  of 
t h e  mass spect ra  of many H, C, and 0 containing compounds, it appears 
t h a t  m/e 55 from the  f i r s t  two compounds may be t he  ketone s t ructure ,  
f CH2CHC0 , while 55 from the  t h i r d  i s  probably the  alcoholic s t ruc tu re  
CCCH~OH'. Judging from the  large  abundance of m/e 27 and t he  accompany-. 
ing m/e 26 and 25 t h i s  fragment (m/e 27) would appear t o  be a hydrocarbon. 
The ?..lost reasonable conclusion f o r  t h i s  spectrum so c losely  r e l a t ed  t o  
ac ry l i c  acid  but not a c ry l i c  acid i s  t h a t  it must be an ac ry l i c  acid  
isomer. Also, t he  'mass spectra  vary a great  dea l  from sample t o  sample 
and, furthermore, t he  mass spectra  vary with t h e  temperature of analysis  
from -80" t o  room temperature, depending on t h e  solvent charac te r i s t i cs .  
In the  i so l a t ed  warming of t h e  chlorinated cyclopropenes and t h e  dichloro- 
cyclopropene hydrolysis with a drop of water, t h e  products m/e 72, 55, 
and 27 appeared at much lower temperatures (-80") and had a very weak 
parent ion (m/e 72). As these  solut ions  were warmed, t he  abundance of 
m/e 72 increased and t h e  spectra  moved toward t h a t  of a c ry l i c  acid. It 
must be t ha t  e i t he r  the re  i s  a mixture of isomers present or  t h a t  t he  
i n i t i a l  product i s  rearranging t o  another isomeric s t ruc ture  a s  t he  
temperature i s  increased. In addition, t he  very weak parent (4 percent)  
at -80" could be explained by assuming m/e 55 i s  r e a l l y  a parent o r  t h a t  
m/e 72 i s  a very unstable molecule. A close examination of a l l  t h e  r e -  
corded mass spec t ra l  da ta  reveals that ,  although the  abundance of m/e 
72 var ies ,  t he  abundance of o ther  fragments 55, 27, 26, 25 i s  more con- 
s i s t en t .  This would be explained by two isomers, with parent ions g rea t ly  
d i f fe ren t  i n  s t a b i l i t y  but  which rearrange t o  fragment from the  same 
s t ruc ture  and by t he  same mechanism t o  give t he  same fragments. In  any 
event, t he  i n i t i a l  product appears t o  be an unstable isomer which re -  
arranges t o  a more s t ab l e  isomer t o  form a solut ion whose spectra  vary 
with temperature. With t h i s  discussion, t h e  most l i k e l y  s t ruc tures  f o r  
the initial product are structures 7, 11, 17, 18, 19, and 20 in Table 8. 
This proposed solution of isomers of m/e 72, 55, and 27 will be referred 
to as "hydrated cyclopropenone I '  . 
In the hydrolysis experiments, another product, parent m/e 90, 
was usually made and its mass spectrum is shown in Figure 14. It appar- 
ently contains one chlorine atom and could be any number of structures, 
possibly structures 5, 21, 22, 23, or 24 in Table 8. 
The product parent m/e 108 mass spectrum is shown in Figure 14. 
It contains no chlorine atoms and could be the dimer of structure 14 or 
15  able 8 ). However, neither of these dimers satisfactorily explains 
the fragment peaks assigned to m/e 108. 
Summarizing Discussion of Polymers 
The mono, tri, and tetrachlorocyclopropenes were all found to be 
stable at room temperature and exposed to air. During the hydrolysis 
of the mixture of chlorinated cyclopropenes, no reaction products of 
these three were detected, although it must be admitted that this was 
not examined very closely because dichlorocyclopropene was the most 
abundant reactant. Furthermore, the most definitive experiments were 
carried out with purified dichlorocyclopropene. However, dichlorocyclo- 
propene is itself a cryochemical reagent as it begins to polymerize at 
-20" C to form a thick yellow liquid of low vapor pressure. At room 
tempera,ture this yellowing takes only a few minutes and proceeds to a 
brown liquid which, when heated to 200°, becomes a brown-black solid. 
The reaction of dichlorocyclopropene with both oxygen and water in the 
air best explains the products formed. In the absence of air the reactions 
Table 8. Possible Product Compounds in Cyclopropenone Experiments 
No. Molecule Expected Mass Spectra No. Molecule Expected Mass S p e c t r .  
proceed very slowly. By first breaking the vacuum to the cold, isolated, 
samples of dichlorocyclopropene with an inert gas (such as argon) instead 
of air and then allowing the solid to warm to room temperature, a clear 
colorless liquid was obtained which did not turn yellow as quickly. 
The polymerization was accompanied by the evolution of HCl gas. 
B r e ~ l o w ~ ~  reports that cyclopropenone is stable at -10" and 
polymerizes at 10". In our work it was not easy to tell at exactly 
what temperature the cyclopropenone solutions began to polymerize as the 
solutions of dichlorocyclopropene always began to turn yellow before the 
hydrolysis was complete. The residue product was usually a brown oily 
liquid which became a dark brown solid when heated. 
Heating the dichlorocyclopropene polymer evolved HC1, product 
parent 101, the hydrated cyclopropenone and water. Heating the cyclopro- 
penone polymer liberated HC1, product parent m/e 90, the hydrated cyclo- 
propenone, and water. 
Since the polymers in both cases are quite similar in color and 
composition, the polymerization of dichlorocyclopropene is viewed as an 
initial reaction with oxygen and/or water from the air followed by the 
polymerization of these products. It was not possible to evaporate the 
solvents and leave behind a nice looking polymer for only a viscous 
brown liquid was obtained. Also, when heated, both polymers evolved HC1 
which could have been trapped in the liquid solutions and residues or 
could have resulted from further reaction and elimination of HC1. In 
the experiment in which dichlorocyclopropene was allowed to warm in a 
trap sealed from air, HC1 was found as a free gas present above the solid 
sample, and it was detected at -150°, long before more HC1 was evolved 
from heating the solid residue. In this case, it seemed apparent that 
the latter HC1 was from further reaction. The evolution of HCl from cy- 
clopropenone residue could be due to any number of possibilities. It 
would be helpful to be able to state that the residue formed is the re- 
sult of the reaction of only one species and whether or not it contains 
C1 atoms. As noted in the cyclopropanone experiments, heating of the 
polymers evolved both trapped molecules and polymer decomposition masses 
related closely to the original monomer. Therefore, it is really im- 
possible to draw any worthwhile conclusions from heating this brown 
liquid. The residues and solids involved here were nothing like the cy- 
clopropene and cyclopropanone polymers. This could be the result of hav- 
ing many reacting species (particularly chlorinated ones ) and an inherent 
problem in solution chemistry.* 
Summarizing Discussion of Synthesis 
Before attempting to draw conclusions from these data, it is con- 
venient to present a summary of the cyclopropanone problem which will 
be used for comparison in analyzing the cyclopropenone problem. Cyclo- 
propanone exists as a stable, closed ring, structure which exerts a 
detectable vapor pressure at -90". On warming from -197" to 25", it 
will not decompose but begins at -90" to polymerize and the rate is in- 
creased by the presence of water. Although it will polymerize at 25" 
within minutes, the ring remains closed. When heated, the polymer evolves 
* Note that these results exemplify the importance and usefulness of the 
solution-free synthesis of ~yclopropanone~ 
trapped cyclopropanone and polymer decomposition products. It reacts 
to relieve the strained sp2 bonding at the carbonyl carbon and at -95' 
will undergo reactions: 5 7 
It must be pointed out that the cyclopropenone experiments were 
based on the assumption that Breslow's nrnr and ir analysis were correct 
and that, by duplication his synthesis and analysis, cyclopropenone was 
successfully prepared. Since the ketone was not isolated, these experi- 
ments will be used to suggest the most probable reasons for failure al- 
though they were not designed for that purpose. Further experiments to 
more precisely determine the failure are suggested. 
The failure to isolate cyclopropenone is explained by either 
1) Breslow's reported synthesis and analysis were incorrect and the ketone 
was not prepared or 2) the ketone was made but cannot be isolated by 
the techniques applied. 
(1)  res slow^^ reports a strong nmr singlet appearing from 9.0 
to 9.6 eV depending on the acidity. He reports that there are no other 
nmr signals present. He eliminates other most likely structures and 
then assigns the protons to cyclopropenone. We reproduced this sharp 
singlet and will not quibble with these reported data. However, this 
does not eliminate the presence of other molecules which contain no H 
and, since D 0 has no nmr signal, there may be C-0-D structures present. 2 
- 1 
Breslow reports a broad ir absorption at 1850 cm and no absorption in 
the 0-H region from which he concludes the presence of C=O and absence 
of 0-H. We did not attempt the  ir  analysis  and ac tua l ly  should have fo r  
t h i s  seems t o  be the  key t o  t h i s  analysis .  Breslow does not repor t  any 
other adsorption f o r  cyclopropenone, pa r t i cu l a r l y  t ha t  of C=C. His s t a t e -  
ment of no absorption i n  t he  0-H region does not say whether he had used 
D 0 f o r  t h e  hydrolysis and looked f o r  an 0-D absorption. Furthermore, 2 
he says nothing about t he  presence of absorptions from other impurities 
t ha t  may be present. He s t a t e s  t ha t  cyclopropenone slowly reac t s  with 
water t o  form acry l ic  acid  which, from our work, does not appear t o  be 
a correct  analysis  of t he  m/e 72, 55, and 27 products. He does not 
mention any of t he  other products of the  hydrolysis t ha t  we obtained 
(parent masses 108, 122, 101, 90, and 72 a t  one time or another) .  He used 
an unpurified mixture of chlorinated cyclopropenes f o r  the  hydrolysis. 
Another c r i t i c i sm i s  t h a t  there  was no ms work reported except on ac ry l ic  
acid. It therefore  appears t h a t  cyclopropenone has not been detected 
spec t ra l ly  i n  t h e  gas phasepa serious c r i t i c i sm  t o  i t s  proposed existence. 
Structures 2 and 15 would, by themselves, possibly explain both t he  nmr 
and i r  data.  Mass 108 was observed i n  ms but not when using pur i f ied 
dichlorocyclopropene. Mass 88 was never observed by ms analysis .  
(mass 88) (mass 108) 
Since Breslow used a mixture of chlorinated products i n  t he  hyd-rolysis, 
a combination of products i s  more l i k e l y  t o  explain t he  nmr and i r  data. 
A combination of e i t he r  s t ruc ture  3 or  25 with any of 7, 22, or 11 may 
possibly explain t he  data.  
*@D(H) 
H H H 
7 22 11 
mass 122 mass 122 mass 74(72) mass 91(90) mass 56(55) 
Mass 122 was observed i n  experiments using mixtures of chlorinated cyclo- 
propenes and qui te  possibly could have resu l ted  from react ion of water 
and tetrachlorocyclopropene. In  f ac t ,  s t ruc ture  3 reportedly i s  formed 80 
by t he  reaction of tetrachlorocyclopropene with water i n  t he  presence 
of A l C l  I n t h i s w o r k ,  masses 9 O a n d ~ 2 w e r e t h e p r e d o m i n a n t p r o d u c t s  3* 
of the  hydrolysis of pur i f i ed  dichlorocyclopropene and may be explained 
by t he  successive replacement of t h e  two chlorine atoms by OH and elimina- 
t i o n  of HC1. 
2 )  Assuming eyclopropenone was made, it 1s  d i f f i c u l t  t o  explain 
why never even a t race  of it was observed by ms analysis .  It i s  reported 76 
t o  polymerize a t  10" and t o  s t ab l e  a t  -10". Furthermore, Breslow repor ts  
t h a t  it can be extracted i n  polar  solvents and s t i l l  r e t a i n  t h e  same nmr 
and i r  charac te r i s t i cs .  The solvents used i n  th i s  work began t o  exert  
ms detectable vapor pressures down t o  -110". One would expect t o  see 
pure cyclopropenone spectra  a t  a temperature not too d i f f e r en t  from pure 
cyclopropanone (-90" ) . Looking a t  t he  detection temperatures of other 
s imilar  compounds  a able 5) ,  one sees t h a t  ac ry l ic  acid i s  t he  l e a s t  
v o l a t i l e  and it appears a t  -20°, a fill 30" below t h e  temperature a t  
which the  ketone supposedly polymerizes. Without knowing the  bo i l ing  
point, it i s  not easy t o  predic t  a t  what temperature the pure ketone w i l l  
appear. Assuming very pess imis t i ca l ly  t ha t  the  ketone bo i l s  40" above 
i t s  saturated analog cyclopropanone, the pure cyclopropenone would appear 
during analysis  a t  -50". This pure ketone i n  solut ion with solvents t ha t  
appear a t  even lower temperatures, should appear below t h i s  assumed -50". 
The ketone i s  known t o  polymerize i n  solut ion a t  10". This polymeriza- 
t i on  may be retarded g rea t l y  by t he  solvent molecules, pa r t i cu l a r l y  with 
t h e  pos s ib i l i t y  of hydrogen bonding. Therefore, i t  would be expected 
t ha t  the  pure ketone might begin t o  polymerize a t  a lower temperature. 
However, by reactions with water, acids, and bases, Breslow s t resses  how 
much more s tab le  and unreactive the  ketone i s  compared t o  cyclopropanone. 
From previous work, we already know tha t  cyclopropanone i s  read i ly  analyzed 
a t  -90° and can be detected f o r  shor t  periods a t  25". There are, there- 
fore, many reasons t o  expect t ha t  cyclopropenone should exert  a detect -  
able  vapor pressure before it completely polymerizes, and thus it should 
have been observed i n  these  experiments. Breslow repor ts  t ha t  cyclopro- 
penone can be extracted but we found t h a t  only t h e  hydrated cyclopropenone 
(masses 72, 55, 27) was consis tent ly  observed as  t h e  primary extracted 
product. However, water always appeared t o  accompany it i n  the  extrac- 
t ion.  I f  cyclopropenone exis ts ,  one plausible  explanation i s  t ha t  it 
i s  so "bound up" with water t h a t  they t r ans f e r  as  a u n i t  during extrac- 
t i o n  and that ,  upon vaporization, cyclopropenone reac t s  both with the  
water and i t s e l f .  
Functionally the  only difference i n  the  ms analysis  and t h e  nmr 
and i r  analyses i s  t ha t  t h e  product was frozen as a s o l i d  and then slowly 
warmed and analyzed a t  a low temperature. It i s  possible tha t  the re  
ex i s t s  an equilibrium between cyclopropenone and i t s  hydrate as: 
If it were the case that the cyclopropenone hydrate exerted a much greater 
vapor pressure, then, by Slowly warming the sample, the hydrate would 
boil off and the equilibrium (in much excess water) would continue to 
feed the hydrate vaporization until all the cyclopropenone was gone. 
This, then, would have to be completed before cyclopropenone exerted an 
ms detectable vapor pressure. Another possibility is that cyclopropenone 
exists in acidic water solution as an ion as Breslow reports it to be 
stable to mineral acids but polymerized by bases. 
Many experiments can be suggested which would answer these ques- 
tions and should be done; ir and nmr on the hydrolysis of purified di- 
chlorocyclopropene; ir and nmr on the hydrolysis of the mixture of chlo- 
rinated cyclopropenes; nmr, ir, ms analysis on hydrolysis with heavy and 
normal water; performing the experiments under an inert gas; reacting 
tetrachlorocyclopropene with water; and continually observing the nmr 
and ir spectra as a liquid sample of cyclopropenone is slowly vaporized. 
The two nmr experiments reported in this work were done with heavy water 
and these samples were subjected to ms analysis by quickly transferring 
the sample to the low temperature inlet system. Unfortunately, these 
were the initial experiments tried and the residue which did not quickly 
transfer was not analyzed. As a result, no products were observed and 
no data  on products with hydrolyzed heavy water were obtained. This would 
be extremely important i n  determining whether OD was added t o  t h e  3,3 
carbon. 
Although these suggested experiments should lead t o  a de f in i t e  
explanation of t he  problem, they probably would not lead t o  a successful  
i so l a t i on  of the  molecule. Approaches t o  t he  synthesis besides t h e  re -  
act ion of dichlorocyclopropene and water a r e  beyond the  scope of t h i s  
work. 
CHAPTER I V  
DERIVED ENERGETIC RESULTS 
Introduction 
Definit ions,  Derivations, and Assum~tions 
The bond dissocia t ion energy, D(R -R ), of a bond R -R is  the  1 2  1 2  
change i n  energy a t  absolute zero i n  the  i dea l  gas s t a t e ,  A E ~ ,  f o r  t he  
react ion 
t he  products being i n  t h e i r  ground e lect ronic  s t a t e s .  However, & a t  
2 9 8 " ~  i s  of ten used i n  place of A E ~  f o r  the  dissocia t ion energy because 
t he  two numbers do not d i f f e r  g r ea t l y  and many of t he  data obtained by 
measurement of & a re  not su f f i c i en t l y  precise  t o  warrant the  correction 
espec ia l ly  since, i n  many cases, the  heat  capacity data  a r e  lacking. 
co t t r e l l 12  points out  t h a t  t he  heat capacity change of reaction i s  always 
pos i t ive  so  t h a t  the  value of K8 at  2 9 8 " ~  w i l l  always be g rea te r  than 
D ( R ~ - R ~ )  as defined above. He fur ther  points out t h a t  t he  upper l i m i t  
t o  t h i s  difference i s  K8 - A E ~  a 2.4 kcal/mole and t h a t  t h e  difference 
298 
4 i s  usual ly  l e s s  than one kcal/mole. Benson defines @2980298, t he  Standard 
Bond Dissociation Energy, as  the  enthalpy change i n  t he  chemical process 
i n  which one mole of a specif ied bond i s  broken, reactants  and products 
being i n  t h e i r  standard s t a t e s  of hypothetical  i dea l  gas a t  one atmosphere 
pressure and 2 9 8 " ~ .  This quant i ty  w i l l  be designated i n  t h i s  work as 
= D O .  Electron impact data a re  a lso  defined as heats  of react ion 
a t  absolute zero: 
This def in i t ion  takes a l l  products as  being produced i n  t h e i r  ground 
e lec t ron ic  s t a t e s .  It i s  a l so  t r u e  t h a t  t he  difference i n  the  heats of 
react ion a t  298"~ and absolute zero i s  su f f i c i en t l y  small enough such 
t h a t  t h e  appearance po t en t i a l  may be taken as the  heat  of react ion a t  
298'~ and Standard Heats of Formation, df, and Standard Bond Dissocia- 
t i o n  Energies, Do, be used i n  t he  calculations.  This a l so  includes the  
assumption t h a t  a l l  t he  energy of the  bombarding e lect ron i s  absorbed 
and no energy appears i n  the  two product electrons.  The equations then 
become : 
At this point we have the products being formed in their normal 
vibrational distribution at 298"~ and in their ground electronic states. 
However, there are many examples of processes in which the products pos- 
sess "excess" (greater than T = 298'~) translational and vibrational 
energy. Products may also be produced in excited electronic states. 
The occurrence of excess energy is, in general, related to the production 
of fragments that result from the breaking and formation of multiple 
bonds. This work is particularly concerned with measurement and correla- 
tion of these excess energies. In the gas phase at low pressures, mole- 
cules possess small interactional forces and one can assign properties 
to individual molecules. At room temperature, rotational and transla- 
tional energies are generally at their classical limit while vibrational 
energy is quantized. These quantum oscillators may or may not be active 
at room temperature. For most molecules, thermal agitation is far insuf- 
ficient to produce an excited electronic state. Appendix C of this thesis 
is devoted to the measurement of excess translational energies of product 
ions from electron impact experiments. Fragment ions produced with ex- 
cess translational energies possess an increased peak width which can be 
interpreted as being equivalent to an increased temperature of the gas. 
The neutral fragment is assumed to have a complementary excess transla- 
tional energy which is calculated from a momentum balance. The sum of 
these excess translational energies is identified with the excited mole- 
cular ion before fragmentation, and this ion is also assumed to possess 
excess vibrational energy which is related to the excess translational 
energy by the classical total degrees of vibrational freedom and an 
empirical constant. In this manner the total excess translational, 
vibrat ional ,  and ro ta t iona l  energies fo r  a par t i cu la r  appearance poten- 
* 
t i a l  may be calculated and i s  designated as  E . The problem of excited 
e lect ronic  s t a t e s  i s  much more d i f f i c u l t .  If experimental e lect ronic  
spectra  a re  known, then t he  energies of t h e  excited s t a t e s  a re  avai lable .  
I f  not, they must be estimated. I n  t h i s  work, several  MO computer pro- 
grams (see Appendix D) were used t o  calcula te  these data.  Thermochemical 
data, where available,  were a l so  used t o  approximate these data. With 
these excess energies the  equations a re  
where the  e lec t ron ic  s t a t e  of each species must be specified.  
I n  t h i s  introductory discussion, we have defined the  bond disso- 
c ia t ion  energy (Do ) as a heat  of react ion which i s  t o  be experimentally 
measured. It i s  useful  i n  predicting overa l l  heats of reaction i n  terms 
of bonds broken and bonds formed (see  equation 7 ) .  However, it i s  much 
more useful  i n  predicting t he  r e l a t i v e  r a t e s  of competing chemical re -  
actions.' Another term used i n  t h i s  work i s  "bond energyw ( E )  which i s  
not an experimental number but an abs t rac t  quant i ty  which i s  used t o  
estimate heats of atomization, AH, By looking a t  large  amounts of 
experimental data, workers have found t h a t  experimental AHa can be accu- 
r a t e l y  estimated by assigning a bond energy t o  each chemical bond i n  the  
molecule. 1W i s  then taken as t he  sum of the  individually assigned 
a 
bond energies : 
a l l  
AHa = 
bonds 
I n  general, a bond energy i s  assigned depending on the  pa i r  of bonded 
atoms and the  hybridization. However, the  most s t r i k ing  f a c t  of bond 
dissocia t ion energies, Do, and the  biggest problem with bond energies, E, 
i s  t ha t  f o r  bonds between t he  same two atoms they both depend g rea t l y  on 
atomic environment. This means t h a t  experimentally measured DO can only 
s t r i c t l y  be used t o  calcula te  heats of reactions involving those mole- 
cules f o r  which DO were measured, and t h a t  DO becomes an approximation 
when applied t o  other molecules. For estimating E, workers have obtained 
the  best  r e su l t s  by corre la t ing E with bond lengths and bond orders.  
Cottrel l12 has explained t h e  difference i n  Do (104 kcal)  and E (99) of 
Ch -H i n  methane by reasoning t h a t  99 kca l  i s  needed t o  break t he  bond 3 
plus a "rearrangementu energy of f i v e  kcal  t o  convert CH i n to  i t s  planar 3 
s t ruc ture .  Thus the  removal of 1, 2, 3, and 4 hydrogens takes about 104, 
105, 106, and 81 kcal, respectively,  and t he  sum, 396 kcal  corresponds 
t o  t h e  AHa. Note t h a t  the  bond energy i s  396/4=99 kcal .  I n  t h i s  example 
the  bond energy and bond dissocia t ion energies are not too diss imilar .  
However, DO f o r  the  removal of one then another H from ethane takes 98 
and 39 kcal, respectively.  The problem i s  t ha t  a f t e r  the  removal of the  
second H, the species forms a TT bond and produces ethylene. The sum of 
103 and 41, divided by 2 no longer equals the E (99 kcal), but the Wr 
18 to produce ethylene and 2H at~ms from ethane. Similarly, Pauling ex- 
plains the difference in the first and second dissociation energies (121 
and 101 kcal) of H-0-H by arguing that it also takes 121 kcal to initially 
remove the second H atom but 17 kcal is regained when oxygen pairs up its 
valence electrons. This is exactly the case of ring compounds in which 
the fragments form new bonds. A part of this work attempted to calculate 
a rearrangement energy, designated as R( )ex, to determine a more mean- 
g 
ingful interpretation of DO for ring molecules. This rearrangement energy 
was taken as the energy difference between a hypothetical initial diradi- 
cal and the observed final ground state. 
Therefore, the problem has now become that of dissociating rings 
to form fragments which most probably possess excess translational and 
vibrations1 energy, possibly excess electronic energy, and interpreting 
bond dissociation energies with the aid of the proposed rearrangement 
terms. With this introductory discussion, equations 1, 2, and 3 for the 
fragmentation of 3-carbon membered rings are 
* * 
= &) + E = ~ ~ ( c ; )  + n P ( c  f 1 3  =c ) - aKOf(n) + E 
+ * 
n(c2) = = ( -Q )g + + E 
* 
n(c6) = = I(A) + D(++ ), + 
and including the rearrangement term 
* * 
A(c~) = Mr + E = Mf(c;) + Mf(c1=c3) - + E (4) 
~(c;) = = ~ ~ ( 4 ) ~ ~  + ~ ( . b  2 )ex g + R(.C~-C~-): (5)  
* 
+ 1(c2) + E 
'+ ex 
= (A) + D(++)~~ + R(.C ) 
2 g 
* 
+ R( .c1-C3.); + E 
where D O ( M ) ~  = DO(% ): + R(-6 2)ex g + R(.C~-C~.): 
and DO ( ) = the dissociation into ground electronic states 
g 
Do( )ex = the dissociation into hypothetical initial diradical 
Character is t ics  Unique t o  Ring Molecules 
I n  as much as many standard def ini t ions  and calculations a r e  not 
applicable t o  r ing  molecules, these points of concern w i l l  be discussed 
here. Since the  energetic propert ies of r ing  molecules seemingly have 
not yet  been explained o r  organized i n to  a consistent  body, par t  of t h i s  
chapter i s  devoted t o  exploratory calculations i n  which s t r a i n  energies, 
bond dissocia t ion energies, heats of reaction and ac t iva t ion  energies a re  
in te r re la ted .  
Ring S t r a in  
Ring s t r a i n  is  a r e l a t i ve  term used t o  describe t he  energetic re -  
s u l t  of having bonding angles between the  centers of carbon atoms which 
d i f f e r  g rea t ly  from the  normal angles of sp3-lo9" and sp2-1200. For 3- 
membered carbon r ing compounds, t h i s  may be viewed supe r f i c i a l l y  as 
"s t ra iningn the  bond angle from 109" t o  60". The proper t ies  associated 
with r ing s t r a i n  can bes t  be ra t ional ized by noting t h a t  these  molecular 
o r b i t a l s  a re  not d i rected along the  l i n e  joining t he  two centers of the 
atoms which r e su l t s  i n  poorer o r b i t a l  overlap and an associated weaker 
bond. I n  any discussion of r ing  s t ra in ,  it must always be recognized 
t h a t  r ing s t r a i n  involves experimental data on and i s  thus r e l a t i ve  t o  
some other chemical compound(s). For example, cyclopropane r ing  s t r a i n  
derived from heats of combustion are  r e l a t i ve  t o  para f f ins .  This s o r t  
of number applies t o  t h e  e n t i r e  molecule and corrections must be made f o r  
t h e  C-H bond energies t o  be able  t o  assign the  r ing  s t r a i n  only t o  the  
C-C r ing  bonds. Heats of hydrogenation of unsaturated r ing  compounds a re  
compared t o  those of unsaturated open chains and hence a r e  r e l a t i ve  t o  
those chains. I n  t h i s  work, t he  reported r ing s t r a i n s  a r e  t o  be i n t e r -  
preted to apply solely to the ring bonds. This was done in order to try 
to correlate the bond dissociation energies and bond energies with avail- 
able literature values. Ring strain in this thesis is taken as the dif- 
ference in the experimentally derived AH and the AH calculated from 
a a. 
empirical bond energies which are estimated from the experimental inter- 
atomic distances in each molecule: 
ring strain r ma(exp) - %(E) 
where AH (E) has been previously defined. 
a 
Review of Literature on MS Investigations of Ring Molecules 
The literature contains very little work on the ms energetics of 
any type of ring molecule. In an early investigation of cyclopropane, 
~ i e l d ~ ~  etermined the appearance potential process by assuming the prod- 
ucts that came nearest to calculating the measured experimental AP. In 
this manner he concluded that the parent molecular ion (and also the 
molecular ion minus one, two, etc. hydrogens) was not a ring but an open 
structure. He also estimates that the endothermicity of the ring opening 
1 is at least 50 kcal/mole. Later, Franklin determined that some of the 
fragment ions had such large amounts of excess energy that Field had 
actually assumed the wrong process. Field's data certainly were not pre- 
cise enough to conclude that the ring had opened up upon electron impact. 
Besides, there are workers who argue that open compounds actually close 
to give a ring structure. The energetics of cyclopropane for which these 
experimental data existed were reinvestigated in this work to provide a 
model for cyclopropanone. From studies on the reaction of cyclopropane, 
0gg36'27 calculates the activation energy needed to open the cyclopropane 
r ing as about 50 kcal/mole by the following equations: 
C H I + .CH2CH2CH2* f 21 
3 6 2  M r  = t-102 kcal/mole (estimated) 
This calculation i s  def in i te ly  a heat of reaction and seems tha t  it would 
be t te r  be interpreted as DO (c-C) = 49. The kinet ics  of the thermal iso- 
merization of cyclopropane t o  propylene have been studied 37y 38 and the 
activation eqergy of the isomerization,65 kcal/mole,has been ident i f ied 
with the energy needed t o  open the ring. This number seems t o  be a more 
reasonable activation energy for  the opening of the ring. This apparent 
discrepancy between the bond dissociation enerw and the energy needed t o  
open the  ring brings up a very basic point of concern which we discuss 
below. 
Relation of Bond Dissociation Energies and Activation Energies f o r  Ring 
Molecules 
For the normal dissociation of a bond, the heat of reaction i s  de- 
fined t o  be the bond dissociation energy and, since the activation energy 
f o r  the reverse recombination reaction of the radicals i s  usually neg- 
l i g i b l e  , i s  a lso approximately equal t o  the activation energy fo r  disso- 
c iat ion as : 
R -R - .R + .R2 1 2  1 
&fJ = DO 
r la matt (dissociation) 
For the dissociation of a ring molecule into a diradical, the activation 
energy for the reverse recombination reaction of the diradical is no 
longer negligible and, in the case of cyclopropane, appears to be about 
16 kcal/mole as: 
Wr = Nact (dissociation) - Mac% (recombination) 
49 = 65-16 
Furthermore, the dissociation of a ring molecule into two separate frag- 
ments or molecules is a completely different problem which may or may not 
be related to the dissociation into the diradical. It seems unreasonable 
to expect the bond dissociation energy as defined by a heat of reaction 
into molecules to have much meaning because it is no longer a dissocia- 
tion into radicals. This bond dissociation energy, designated here as 
DO ( 4 )g, would better be described as a bond decomposition energy and is 
the type of dissociation energy we would calculate from ms data. An at- 
tempt to relate our ms calculations to other literature dissociation data 
required us to propose a calculated energetic rearrangement term, R ( R ~ ) ~ ,  
which would allow us to calculate a bond dissociation energy into hypo- 
thetical diradicals as: 
This calculation for cyclopropane is: 
a D O ( $  ) g  = 28 kcal/mole # D'(c-C) = 49 (lit.) 
56 = ~ ' ( 4 ) ~ ~  + (-47) + (0) 
Do ( 4 )ex 103 
b = 52-DO(c-C)  = 49 (lit.) 
Note t h a t  the re  i s  no guarantee t ha t  the  ac t iva t ion  energy f o r  dissocia-  
t i o n  w i l l  be the  same as  o r  w i l l  be r e l a t ed  t o  t he  act ivat ion energy f o r  
decomposition. 
d . C - C - C .  Watt (dissocia t ion)  = 65 
4 + C = C + C H 2  Wact (decomposition) = ? 
The r e l a t i o n  between energetic quan t i t i es  i s  shown i n  the  schematic on 
t he  following page. Also shown i s  cyclopropanone whose r e su l t s  a re  pre- 
? 
sented l a t e r  i n  t h i s  chapter. Note t h a t  the  Wr E Do( $.) = -41 kcal/mole 
g 
of cyclopropanone i s  a negative quanti ty.  It would be qui te  in te res t ing  
t o  predic t  an ac t iva t ion  energy f o r  r i ng  opening a t  t he  d(c-C) = 1.58 1 
bond i n  cyclopropanone i n  order t o  support o r  d i spe l  the  theory t h a t  
cyclopropanone so lu t ion  reactions proceed with a low act ivat ion energy 
through t he  r ing  opened dipolar  ion. A s  we w i l l  discuss, t h i s  theory i s  
e i t he r  supported o r  d ispel led depending on whether o r  not we applied the  
ex 
rearrangement energy term, R( )g  , t o  our calculations.  I n  addition, a 
study of the  ac t iva t ion  energy required f o r  r ing  decomposition was made 
t o  allow us t o  determine an energetic explanation of why cyclopropanone 
decomposes upon formation i n  the  gas phase. 
( normal) 
Reactivity of Ring Molecules 
Our problem was to  first r e l a t e  ms dissociation energies t o  l i t e r -  
ature experimental quantit ies and then t o  r e l a t e  bond dissociation energies 
t o  reaction energetics. This re la t ion  was attempted by making a number of 
exploratory calculations using D, E, and ring s t r a i n  values and comparing 
the calculated resu l t s  t o  experimental quantit ies i n  hopes tha t  an em- 
p i r i c a l  re la t ion  or  in tu i t ive  notion would be revealed. 
Since the reac t iv i ty  of these ring molecules cannot be discussed 
by equating act ivat ion energies with bond dissociation energies, we pro- 
posed t o  also approach the problem from a thermodynamic point of view. 
Although the driving force f o r  a spontaneous reaction i s  a negative f ree  
4 
energy of reaction, it i s  a fac t  that,  f o r  most reactions, a negative 
heat of reaction i s  a lso an effect ive gage fo r  spontaneous react ivi ty .  
I n  %his respect, we calculated some heats of reactions by using the ex- 
perimentally derived & f o r  cy-C H 0 and cy-CqH60 i n  t h i s  thes is  as f 3 4 
follows : 
By comparing these heats of reaction f o r  a l ternat ive and competing reac- 
t ions,  we hoped t o  obtain some obvious clues fo r  relat ing react ivi ty .  
The resu l t s  of both the exploratory AH calculations and Mr comparisons 
ac t  
i n  re la t ion  t o  ring reac t iv i ty  are reported i n  t h i s  chapter. 
Procedure 
The following i s  an out l ine  of t he  procedure used i n  t h i s  work. 
It allows fo r  an analysis  of the  sources of e r r o r  i n  t he  calculated re-  
s u l t s .  The sources of such e r rors  are :  1) experimental AP; 2) excess 
t r ans l a t i ona l  and v ibra t iona l  energy; 3) excited e lect ronic  s t a t e s ;  
4) assumption of neu t ra l  fragments; and 5) l i t e r a t u r e  Hf values. 
Procedure: Developing Energetics 
I. Experiment 
A. Measurements 
1.  molecular ion) 
2.  fragment ion) 
3. Peak width of fragment ions 
* 
B. Calculate excess energy, E , of fragmentation react ion from 
peak width 
11. Preliminary Work 
A. Assumptions 
1. Stoichiometry of fragmentation (i. e. neu t ra l  fragments) 
2. Electronic s t a t e s  of fragments 
B. ~ a t a . & ~ -  and IP  of fragments from l i t e r a t u r e  
111. Derived Energetics 
A. AI$f (parent  molecule) 
1. ms --check assumptions and data  by calcula t ing wf from AP 
of more than one ion by equation 4. 
2. L i te ra tu re  comparison- -& from AH experiments. f C 
3. Estimation from E values. 
B. DO 
1. Calculation Do ( ) by equation 2 
ex 2. Estimation of R ( R ) ~ ~  and calculation DO ( ) by equa- 
g 
tion 5. 
a. electronic spectra 
b. thermochemical data (literature) 
c. MO calculations 
C. Ring Strain (RS) 
1. RS(E) = Mf(exp.) - Mf(z) 
2. RS(DO) = Mf(exp.) - M f ( ~ O )  
D. Ring Opening 
1. Isomerization--calculation of AH 
act 
2. Decomposition--calculation of AH using Mf of parent 
r 
Literature Data and Estimations 
The A%, IP, and Do data used in this work are presented in Table 
9. Where available, values from different sources are given to show 
agreement or disagreement. In the last column, the Do is calculated from 
the hHO to show consistency and general precision. In general, agreement f 
is good; however, there are some points of concern: 1) the wf of diazo- 
+ 
methane is available only from an ms measurement of the AP (CH~). This 
work2' did not include any measurement of excess energies nor did it 
check the Mf result from the AP of other fragment ions; 2) many values 
for the Mf of CH2 were found in the literature: 572, 5739 6615, 85139 
4 88 , and 9514 kcal/mole. The first three numbers are calculated from 
ms data while the fourth and fifth are based on electronic spectra. The 
Table 9. Li terature  Thermochemical Data 
Species Mass 
""f IP D"(c-4 D'(R-H) = %(R) + M ~ ( H )  - w~(R-H) 
C H 
6+ 
30 -20?-209 ~ 1 . 6 5 ~  88)887 98,98 4 5 
C2H6 25 2 
C2H+ 25 113~ 12.8 136,125 6 4 
C2H 4 0 ~ ~  
cH4+ 16 -18:-18~ 12.8F12.8~ 1 0 5 ~  106 = 33 + 52 -(-18) 
CH4 2 ~ 8 ~  312 32 = 258 + 52 - 278 
CH 
3, 
15 32?33l 9.8:9.82 106f f l05~  111 = 88 + 52 - 33 
CH 3 2 5 8 3 ~ 5 9 ~  1212 128 = 332 + 52 - 258 
CH2+ 
4 2 1  14 57f57?88?w5 10.3,11.9,12 .O 123,106 105 = 141 + 52 - 88 
CH2 3323333: 32b4 792 114 = 395 + 52 - 332 
CH 13 141:1433 1 1 . 1 , l l . O  2 1 8o?8l4 82 = 171 + 52 - 141 
CH+ 395!399l 
C 12 11.2 
cf 852 
co 28 - 2 6 3 - ~ 6 ~  14.0 
CO+ m3 
C2H20 42 -153 9.4-9.6 
C ~ H ~ O +  2 0 3 ~  
H 1 52.1 4 
C 12 170.9 4 gas 
o 16 59.6 4 
 gas) 18 - 5 ~ . 8 ~  
H20 ( l iquid)  18 -68.39 
CH2N2 42 4621 
cy-C3H4 40 66.665 
C H 42 4.9 4 3 6 
cy-C3H6 42 12.7 4 
( 1 , l  dimethyl) 70 2.6 8 
'hH10 58 -3.83 
cy-C4H8 56 6.34_ 
(methyl) 70 -0.8' 
C H 0 3 4 56 -233 10.1?10. 251°2 
l a s t  i s  from an analysis  of ex i s t ing  l i t e r a t u r e  data spec i f i c a l l y  t o  
determine t he  best  avai lable  Wf. In  s p i t e  of t h i s  poor agreement on 
+ Hf ( C H ~ ) ,  t he re  i s  general  agreement on t he  value of W of the  CH2 f 
ion (- 332 kcal/mole). From the  e lec t ron ic  spectra  of methylene, it i s  
known t h a t  t h e  ground s t a t e  i s  a t r i p l e t  but t h a t  t he  lowest lying sing- 
l e t  i s  very close t o  the  t r i p l e t .  ~ o f f m a n n ' s ~  MO calculations support 
t h i s  idea  t h a t  the re  i s  a low lying s ing l e t  c lose  t o  the  ground s t a t e  
t r i p l e t  (within considerably l e s s  than one e ~ )  and a l so  p red ic t  another 
s i ng l e t  about 0.9 eV higher. I n  h i s  explanation of avai lable  data on 
CE2, Prophet14 points  out  t h a t  an excited s t a t e  of 0.9 eV i s  needed t o  
explain some data. ~ a m i l l ' ~  has experimentally found excited s t a t e s  of 
the  molecular ion a t  0.7 eV, 1.2 eV, and 2 . 1  eV. The basic  point  of d i s -  
pute seems t o  stem from the  I P ' s  measured by ms and spectroscopic methods 
+ 
of 11.9 and 10-  3 eV. Workers agree on the  Mf(cp2) ins tead of AHf(cYI2), 
and t h i s  I P  d i f ference produces t h e  difference i n  @f of CH2* Spectro- 
scopic methods a re  generally more r e l i a b l e  and consequently t h e  more re -  
spected workers quote a value of about 90 kcal/mole. However, it would 
seem tha t ,  s ince  t h e  Wf of the  ground s t a t e  would be the  lowest value, 
it would seem more reasonable t o  use the  lowest wf as the  ground s t a t e .  
Choosing AH? = 90 leaves no r a t i ona l  explanation of Pf = 57. Further- f 
more, ms work always seems t o  cor re la te  b e t t e r  with t he  lower value and 
t h i s  i s  the  value used i n  t h i s  work f o r  t he  CH neu t ra l  fragment. The AP 2 
+ + 
and excess energy experiments of CH and N from CH N which would involve 2 2 2 2 
the  wf (cH:), Wf ( c H ~ ) ,  and Mf ( c H ~ N ~ )  would be an excellent  check on 
these numbers. Table 10 r e l a t e s  the  bond dissocia t ion energies and bond 
energies t o  bond lengths i n  an attempt t o  a r r i ve  a t  a consistent  body of 
Table 10. Bond Dissociation Energies, Bond Energies, and Bond Lengths f o r  Open Chain Molecules 
Tme Tme Bond DO E 
~ o l k c u l e  HybEid Length kcal/mole kcal/mole 
Bond A lit. ++ lit. + 
general C 3-C 
SP sp3 
C 3 - C  
SP sp2 
Csp3 -Csp 
CSP" -c sp2 
Csp" -Csp 
Csp- Csp 
Csp3 -H 
Csp2 -H 
aldehyde C=O 1.22 166-176 175 17118 170 
ketone C=O 1.23 179 180 174l8 175 
acids C=O 1.24 
C02 c=o 1.16 128 128 192 192 
co c s  1.129 256 256 256 256 
pa ra f f in  c -C 1.537 86 83 
average } C-H 1 . 0 9 4 ~ ~  96 96.5 
CH4 
(methane) 
C2H6 
(ethane) 
'ZH4 
(ethylene) 
C2H2 
(acetylene) 
CH COCH 
3 3 
(acetone) 
CH2C0 
(ketene) 
C H O  
3 4 
(acrolein)  
C-H 
C-C 
C -H 
C=C 
C -H 
C = c  
C-H 
C-C 
C-H 
c= 0 
C-H 
C= C 
C=O 
X 
Values chosen f o r  use i n  t h i s  work. 
a .  Value needed f o r  accurate ma, 
data to use in the energetic calculations. The E values were taken 
8 largely from Mortimer and ~aulin~.'~ In the bottom of the table are 
listed the geometries and E values for the molecules for which this set 
of E values correctly predicts AH : methane, ethane, ethylene, acety- 
a 
lene, acetone, ketene, and acrolein. Table 11 lists DO and E correlated 
with known structures of the ring molecules investigated. 
In this work it was not attempted to determine the mechanisms of 
molecular ion fragmentations. Firstly, there are always too many possi- 
bilities and, secondly, we were not in a position to accurately calcu- 
late the energies of all the structures involved. The basic choice is 
whether the two ring bonds break simultaneously or consecutively. Be- 
cause of the extensive rearrangements and breakage and formation of 
multiple bonds in the fragments, it would appear that at least some of the 
ring fragmentations are by consecutive C-C bond breaking. However, in 
this work, a simultaneous process was assumed from which the energies of 
the hypothetical initial diradical states of the fragments could be 
estimated. 
In the estimation of R(R one has to account for energy dif- 
l g '  
ferences due to changes in geometry and the formation of new bonds. In 
thermochemical estimations, bond energies and electronic spectra were 
used as follows: R(CH was taken to be essentially zero because the 
2 g 
electronic spectra predict very little energy difference in the singlet 
and triplet. R(C H in cyclopropane is the energy difference in the 
2 4 g  
structure of d(C-C) = 1.51, d(C-H) = 1.089, H-C-H angle of 115.1" and two 
unpaired electrons to the ethylene structure of ~(c=c) = 1.34, d(~-H) = 
1.083 and H-C-H angle of 117.1". This initial structure is essentially 
Table 11. Estimated Bond Dissociation Energies and Bond Energies of Ring Molecules 
(kcal/mole) 
Type Bond 
Molecule Hybrid Distance Normala DO Normala E 
Bond A 
paraffins 
cyclopropane 
cyclopropene 
cyclopropanone 
cyclobutanone 
cyclobutane 
C-C 
C-H 
C-C 
C-H 
C-C 1.515 
C= C 1.30 
ct-H 1.070 
C-H 1.087 
c t 4  1.53 87 
c-c 1.55 85 
C-H 1.089 103 
C-H 1.10 99 
c= 0 1.215 17 9 
C - C  
C-H 
a. number estimated from the bond distance using Table 10. 
carbonyl or sp2 carbon. 
that of having removed two H atoms from ethane which can be estimated 
as follows: assuming no changes in geometry, one would estimate the 
energy to remove 2H atoms from ethane as twice the bond energy (E = 94 
kcal) . The rearrangement energy of this structure to ethylene would then 
be the heat of reaction of ethane to ethylene and two hydrogen minus 
twice the bond energy [136 - 2(94) = -52 kcal/mole]. From D0(c-C) data 
in Table 10, one might estimate about +5 kcal/mole for extending the 
d(C-C) from 1.51 to lo 54 and obtain about 47 kcal/mole for R(C H 
2 4 g  
in the cyclopropane fragmentation. Similarly, the R(C H in cyclo- 
2 4 g  
propanone was estimated at -58 kcal/mole . The R( CO) from cyclopropanone 
g 
is the energy difference in the structure of ~(c=o) = 1.18 and two un- 
paired electrons to the structure ~(CSO) = 1.12 of carbon monoxide. The 
first structure is essentially that of removing one oxygen atom from C02 
with no structure changes. This may be easily shown as: 
where E(C=O) = 192 and DO (c=o) = 126 in COY Therefore, R(c=o)~~ - -66 
g 
kcal/mole. By this approach, the R ( C H ~ C O ) ~ ~  was also estimated from its 
g 
known structure and bond dissociation and bond energies. 
Calculated Results 
Obtaining Consis tent Experimental @-C Values 
Before any energetic quantities could be derived from experimental 
measurements, it was first necessary to check for and obtain some consis- 
tency in the experimental data. This was accomplished by calculating the 
-3t 
nPf of a parent molecule from experimental AP and E measurements on more 
than one fragment ion from the parent. Table 12 presents these results 
in this order: the parent molecule; m/e of ion fragment; the experimental 
* 
AP and E measurements from Appendices B and C, respectively; an array 
of possible stoichiometries for each observed m/e; and a calculation of 
the heat of formation of the parent molecule by equation 4. Note that a 
good check on the AH? of cyclopropane is obtained by three ground state f 
fragmentation processes and that a fourth is off about 10 kcal. This 
latter value is not unreasonable in view of the fact that the experimental 
* 
number, E = 103, for this process is not very accurate. What is more 
important is the observation that assuming the observed products to be 
excited triplets produces AH 's much too high. Only in the case of f 
* 
E = 103 kcal in which the experimental data were ambiguous (see Appen- 
dix C) was there any hint of the existence of excited triplets. There- 
fore, the assumption of ground state singlets for these mass spectro- 
metric energetic calculations seems to be a good one. For cyclopropanone 
and, in particular, for cyclobutanone, there is frequently more than one 
choice for the product ion and always many choices involving the further 
fragmentation of the product neutrals. However, most of the further neu- 
tral fragmentations relate to Mf 's much too high and can be eliminated. 
It is unfortunate, but the judgment of which Mf is most accurate depends 
* 
mostly upon the precision of the experimental E and AP and not the choos- 
ing of processes. However, as witnessed by the reoccurrence of &f = 13 
kcal/mole for cyclobutanone, these errors and subjectiveness are partially 
overcome by the number of independent ion AP's used. As discussed in 
Table 12. Pf and DO f o r  Ring Molecules a s  Calculated from Experimental Data (kcnl/mole) 
ms Exp. Dissociation Stoichiometry parenta Bond Dissoci &ion 2nergy R ( R , ) ~  
- 
Ion Estimate 
b b 
m/e AP E* R1 Thmo. MO 
Table 12. Mf and f for Ring Molecules as Calculated from Experimental Data (kcal/mole) 
ms Ekp. Dissociation Stoichiometry parenta Bond Dissociation Energy R(R, )Ex 
- 
Ion Estimate 
m/e AP E* wf TP ( 2 3 1 ~  DO (7%) lfJ (dlg ~ ~ ( a + ) ~ ~  R1 ~hmob M O ~  
7? 
most probable process based on consistency in calculations. 
a.Heat of formation of parent molecule calculated from ms data. 
b.Thermodynamic and molecular orbital estimates of energetic rearrangement term. 
c.Enumeration of columns of Table for reference in the text. 
d.Equation in text used to calculate these data. 
Appendix B, l i t t l e  confidence was placed i n  the  AP's of the  fragments 
from cyclopropene and, as  expected, the A$~ calculat ions a re  poor. 
Bond Dissociation Energies 
I n  Table 12, the  bond dissocia t ion energies of t he  two C-C r ing 
bonds calculated with and without R(  Do ( 7% and DO (A ) g, from g ' 
equations 5 and ? ?  respectively,  a r e  presented. The values f o r  R( 
g 
a re  a l so  shown i n  the  l a s t  columns of Table 12. The thermochemically 
estimated R( values were used i n  the  calculations.  I n  a l l  cases of 
g 
Table 12, the  dissocia t ion energy of the  molecular ion i s  greater  than 
t h a t  of t he  molecule. This indicates  t ha t  a non-bonding o r  anti-bonding 
e lect ron was removed which resu l ted  i n  a strengthening of the  ion C-C 
r ing bonds. The importance of including the  R(  term i s  pointed out 
g 
i n  the  cyclopropanone dissocia t ion i n to  t he  ground and exci ted s t a t e s .  
In terpret ing DO ( $k ) as the  sum of Do f o r  two C-C r ing  bonds, t he  data 
g n 
f o r  the  dissocia t ion i n to  C H ~ C O +  (D( 4 ) = 9 kcal)  compared t o  t h a t  f o r  
0 g 
C=C+ ( D (  A) = -30 kcal)  ind ica te  t ha t  the  (c-C) bond i s  stronger than g 
f ex the  (c-c ) bond. However, inclus ion of R(  ) terms and calcula t ing 
0 g f indicate  t ha t  (c-c ) bond ( D ( & ) ~ ~  = 91 kcal)  i s  stronger than 
8 (c-C) bond ( D (  4 ) = 65 kca l ) ,  which i s  much more reasonable i n  view of 
g 
the  f a c t  t ha t  the  former bond length i s  1.49 as  compared t o  t h e  l a t t e r ' s  
1.58 A. Also, R (  converts these small and negative DO values in to  
larger ,  posi t ive ,  more reasonable numbers. 
Derived Ring Stra in ,  Ring Energies, and AHact Results 
Table 13 presents a comparison of r ing  s t r a in s  and AHact calculated 
+carbonyl carbon 
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in this work with available literature quantities. As discussed previ- 
ously, we hoped to relate ms dissociation energies to the literature 
values and then to discern a relationship between these dissociation and 
activation energies. The literature values for Ma, ring strain, DO (c-C) , 
and ring dissociation and decomposition activation energies are shown in 
columns 2, 6, 14, and 16, respectively. dga calculated from our experi- 
mental ms @f in Table 12 are listed in column 3. The remaining data of 
Table 13 were calculated using the following equations: 
Column Equation 
all 
7 
5 ma = j E = AH~(E) 
bon s 
11 f (normal bond angles) - K (strained ring angles) 
12 normal E(C-C) - RS(E) = 3 strained E(C-C) I 
t 
a = strained E(C-c ) 
b = strained E(C-C) 
tcarbonyl carbon 
Column Equation 
15 Same as 12;  use DO f o r  E 
Ring Stra in .  The AH0 and r ing  s t r a i n s  l i s t e d  i n  columns 5 and 7, 
a 
respectively,  a re  calculated from bond energies (E)  i n  the  usual manner 
as  has been discussed previously. These r ing  s t r a in s  a re  local ized t o  
t he  th ree  carbon-carbon r ing  bonds. The RS(E) f o r  cyclopropane can be 
made t o  coincide with the  l i t e r a t u r e  r ing  s t r a i n  (which i s  experimentally 
determined r e l a t i ve  t o  t he  para f f in ic  s e r i e s )  by subtracting about 1.5 
kca l  from each E(C-H) bond energy, a correction f o r  the  C-H bond lengths 
of  1.089 and 1.094 1 from cyclopropane t o  the  para f f in ic  s e r i e s .  Due t o  
2 
the  change from sp3 t o  sp hybridizations a t  the  carbonyl carbon i n  going 
from cyclopropane t o  cyclopropanone and from cyclobutane and cyclobuta- 
none, one would expect these f i r s t  two molecules t o  show addi t ional  s t r a in .  
Indeed, cyclopropanone and cyclobutanone were calculated t o  have addi- 
t i o n a l  r ing  s t r a in s  of 36 and 19 kcal/mole, respectively.  However, these 
values appear somewhat l a rger  than expected. The heats of formation of 
cyclopropanone and cyclobutanone calculated herein, from which t h e  r ing  
s t r a i n s  a re  calculated, would appear t o  be t o t a l l y  independent of each 
-x 
other  as ide  from the  f a c t  t h a t  the  same techniques of measuring AP and E 
carbonyl carbon 
were used. There a re  many arguments supporting the  AP calculated fo r  f 
cyclobutanone. The cyclobutanone experiments were obtained on pure Sam- 
ples  under such experimental conditions t ha t  the  sample could be manipu- 
* 
l a t ed  t o  give more precise  E and AP data .  Table 12 shows the  consistent  
r e su l t s  f o r  calculat ing the  AH? from f i v e  separate processes. I n  p a r t i -  f 
X- 
cular,  as m/e 42 was t he  major fragment, the  AP and E measurements were 
judged t o  be qu i te  r e l i ab l e .  Furthermore, high resolut ion mass spectrom- 
+ + 
etrybl has shown t h a t  m/e 42 i s  predominantly CH2C0 (not C H ) and, thus, 3 6 
the  stoichiometric process appears t o  be the  correct  one. I f  one accepts 
19 kcal/mole as  the  increased s t r a i n  i n  the  four-membered ring, then t he  
increased s t r a i n  of 36 kcal/mole f o r  the  three  membered r ing  seems more 
reasonable. The cyclopropanone experiments were ca r r ied  out with d i f f i -  
c u l t i e s  and the  r e su l t s  a re  not as unambiguous as  those of cyclobutanone. 
Table 12 includes t he  avai lable  processes f o r  the  r ing  fragmentations. 
To obta in  a lower r ing  s t r a in ,  one would have t o  have a lower heat of 
formation and, judging from the  processes available,  t h i s  pos s ib i l i t y  
seems very unlikely.  Since the  s e t  of bond energies  a able 11) calcu- 
l a t e s  reasonable r ing  s t r a i n s  fo r  cyclopropane and cyclopropene, the  only 
number subject  t o  discussion i s  E(C=O) = 175 kcal/mole which likewise 
seems t o  be qu i te  reasonable as  a higher value of E(C=O) would lead t o  
an even l a rge r  r i ng  s t r a i n .  Assuming t h a t :  t h e  bond energies a r e  a 
good consistent  s e t ;  t ha t  the  l iquid- l iquid  synthesis  a t  -145" i s  the  
ac tua l  react ion of diazomethane with ketene; and -that t he  heat of forma- 
t i o n  of diazomethane i s  correct ,  any lowering of the  r ing  s t r a i n  of cyclo- 
propanone by more than 7 kcal/mole would r e s u l t  i n  an equivalent e r ro r  i n  
i t s  heat  of formation and make the  diazomethane and ketene react ion an 
endothermic reaction at 25" in the gas phase. 
0 
The AH and ring strain numbers listed in columns 4 and 9 were 
a 
calculated analogously to the E calculations but using Do values which 
one would estimate for any non-ring, normal bonds and which are listed 
in Table 11. If one assumes that all the ring strain is relieved when 
the molecule is decomposed, then we might expect to calculate this ring 
strain by taking the difference in DO for two normal carbon-carbon bonds 
(see estimation in Table 11) and the calculated for the two 
ring bonds from experimental data. This calculation is reported in 
column 10. Comparison of columns 9 and 10 from the two different ring 
strain calculations, both using Do values, shows good agreement for cyclo- 
propane and cyclopropanone but poorer agreement for cyclobutanone. The 
value of these calculations remains open to question as they were simply 
made to determine if there were some means to calculate or predict the 
effect of ring strain on experimental numbers. 
A numerical value for the total sum of strained ring angles was 
calculated in c o l m  11. As far as we could ascertain, there was no ob- 
vious quantitative relation between these values and the ring strains. 
Bond and Bond Dissociation Energies. In column 12, Table 13, we 
calculated empirical bond energies, E, by distributing the ring strain 
among the three carbon-carbon ring bonds. For cyclopropane, this distri- 
bution is easily and equally done but for the unequal C-C bonds of cyclo- 
propanone we assumed that the energetic difference in breaking two (c-C) 
t bonds and that of one C-C bond and one (C-c ) bond would be the difference 
+carbonyl carbon 
t i n  one (c-C) bond and one (c -C  ) and took t h i s  difference as being the  
0 0 
equivalent t o  t he  DO ( A difference where DO ( ,& has been discussed 
previously. This was the  calcula t ion procedure we used whenever we wanted 
t o  d i s t r i bu t e  an energetic amount among the  cyclopropanone r ing bonds. 
I n  column 13, the  dissocia t ion energy f o r  a cyclopropane (c-C) r i ng  bond 
was taken as one half  the  m s  value of DO ( &)ex = 104 kcal/mole and t h i s  
r e su l t ,  52 kcal/mole, compares favorably with what we e a r l i e r  had defined 
a s  the  dissocia t ion energy of one C-C r ing  bond from the  data of Ogg. The 
DO quant i t i es  i n  column 13 f o r  cyclopropanone were calculated i n  an analo- 
gous calcula t ion with d i s t r i bu t i on  among the  unequal r ing  bonds. 
Activation Energies f o r  Ring Opening. I n  column 15, we repeated 
the  calcula t ion of column 12 subs t i tu t ing  the  normal DO values of Table 
11 once again f o r  the  E values. It was found t h a t  t he  r ing  s t r a i n  ca l -  
culated from DO numbers and d i s t r ibu ted  among the  (c -C)  r ing  bonds re -  
su l ted  i n  a s t ra ined  DO t h a t  i s  numerically equal t o  t he  ac t iva t ion  energy 
f o r  cyclopropane isomerization. Values f o r  cyclopropanone were obtained 
analogously. This body of data i s  explained as  follows: I n  t he  normal 
dissocia t ion of one bond, the  DO i s  t h e  heat of reaction, but it i s  a l so  
the  ac t iva t ion  energy of react ion s ince  t he  reverse ac t iva t ion  energy f o r  
the  recombination of rad ica l s  i s  always very small and usually assumed t o  
be zero. However, the reverse ac t iva t ion  energy f o r  t h e  recombination of 
molecules t o  form rings i s  now qui te  l a rge  and the  ac t iva t ion  energy f o r  
the  bond dissocia t ion of a r ing  can assume any value which may o r  may not 
be r e l a t ed  t o  Do. By using DO values which can be associated with a c t i -  
vation energies i n  s ingle  bonds, i n  the  calcula t ion of the  s t ra ined  bonds, 
we obtained an overa l l  gross r e s u l t  which yielded the ac t iva t ion  energy 
of breaking a r ing  bond. Cyclopropane, although it has a bond energy of 
75 kcal, ac tua l ly  has a lower energy of ac t iva t ion  t o  open the  r ing of 
65 kcal ,  The DO = 52 kcal/mole is  an average of two bond dissocia t ion 
energies and cannot be re la ted  t o  ac t iva t ion  energies. Using t he  same 
reasoning and calculation,  we would expect cyclopropanone t o  have an 
ac t iva t ion  energy f o r  r ing  opening a t  i t s  bonds of 35 and 61 kcal  compared 
t o  i t s  bond energies of 40 and 66 kcal. Experimentally, s t w i n  energies 
manifest themselves i n  l$w ac t iva t ion  energies and thus it was desi rable  
t o  estimate these  ac t iva t ion  energies f o r  cyclopropanone. Note t h a t  the  
proposed Matt of 35 keal/mole would support the  postulation21 t h a t  many 
cyclopropanone reactions may proceed with a low act ivat ion energy through 
the  r ing  opened, d ipolar  ion. 
Thermodmamic Heats of Reaction and Reactivity Considerations 
Figure 6 displays a number of reactions f o r  which the  heats were 
calculated using t h e  AH? measured i n  t h i s  work and a re  displayed over each f 
arrow. ( ~ o t e  t ha t  these  wr are  f o r  t h e  reactants  and products i n  t he  
i dea l  gas s t a t e  a t  25" .) The numbers i n  parentheses a r e  f o r  the  high 
value of AHf ( c H ~ )  = 90 kcal/mole. The numbers i n  brackets a re  experi- 
mental ac t iva t ion  energies. The heat of polymerization of cyclopropane 
8 
was taken from Mortimer while those f o r  cyclopropanone and cyclopropene 
were taken as  the  di f ference i n  energy of bonds broken minus bonds formed 
(see  equation 7) plus the  r e l i e f  of angle s t r a i n .  The following comments 
apply t o  these  calcula ted heats of reaction.   re^^^ has reacted methylene 
from diazomethane with cyclobutane t o  produce methylcyclobutane which w i l l  
decompose t o  propylene and ethylene. However, i f  the  gas pressure i s  
increased t o  remove t he  excess energy t h a t  the  product contains from the  
CIC + CH2 
CIC-C 
Figure 6. Possible Reactions and Their Heats 
heat  of reaction,  then the  methylcyclobutane w i l l  not decompose. Also, 
by react ing CH from ketene he produced methylcyclobutane with no apparent 2 
decomposition. CH i s  produced from diazomethane i n  t he  excited s ing le t  2 
while from ketene it i s  a l so  formed i n  the  ground t r i p l e t .  l3 However, 
t he  energy difference between t h i s  s i ng l e t  and t r i p l e t  has always been 
predicted as  very small. I f  the  ac t iva t ion  energy f o r  r ing  opening of 
74 kcal/mole estimated i n  t h i s  work fo r  cyclobutane can be assumed t o  be 
t h a t  f o r  methylcyclobutane, then it may be postulated t ha t  t he  s i ng l e t  
from diazomethane and the  t r i p l e t  from ketene be associated with t he  heats 
of formation 90 and 57 kcal/mole because the  calculated heats of react ion 
-97 and -64 kcal/mole, respectively,  bracket t he  ac t iva t ion  energy. I n  
a s imilar  experiment, Frey24 s tudied t he  react ion of CH from diazometh- 2 
ane with ethylene t o  form cyclopropane which opened t o  propylene unless 
quenched. Since t he  ac t iva t ion  energy f o r  cyclopropane r ing  opening has 
been measured as 65 kcal/mole, we would need t o  associa te  Mf = 90 kcal/ 
mole f o r  CH2 t o  obtain a AH: (-89 kcal/mole) which i s  greater  than 65 
kcal/mole. I n  another react ion of i n t e r e s t ,    re^^^ reacted methylene 
from diazomethane with isobutene t o  form 1,l dimethylcyclopropane which 
d id  not open up. Using the  AH;(CH~) = 90, we calculated AH0 = -84 
r 
kcal/mole which would seem t o  be enough t o  open the  cyclopropane ring.  
This example implies t h a t  the  hypothesis t h a t  the  heat  of react ion f o r  
the  formation of the  r ing must l i b e r a t e  an amount of energy greater  than 
t he  ac t iva t ion  energy f o r  r i ng  opening i s  a necessary, but not a s u f f i -  
c ient ,  requirement. I n  t h i s  example, the  product apparently had enough 
degrees of v ib ra t iona l  freedom t o  absorb t he  excess energy and prevent 
it from being concentrated a t  a s ingle  r ing bond. From the  gas phase 
46 
react ion of ketene produced methylene with ketene, Kistiakowsky observed 
ethylene and CO which he proposed were the  decomposition products of the  
f i r s t  formed cyclopropanone ring. Note t h a t  t o  evolve an amount of heat 
greater  than t he  35 kcal/mole minimum ac t iva t ion  energy estimated i n  t h i s  
work, the  high value A $ ( c H ~ )  = 90 kcal/mole must be used t o  obtain a 
heat  of react ion of -48 kcal/mole. Ei ther  our estimated act ivat ion energy 
of 35 kcal/mole o r  t he  e a r l i e r  statement t ha t  w ~ O ( C H ~ )  = 57 kcal/mole be 
associated with the  t r i p l e t  CH2 from ketene, o r  the  assumption t h a t  CH2 
from ketene i s  the  t r i p l e t  i s  i n  e r ro r .  T r ip l e t  CH i s  known t o  i n se r t  2 
randomly and, s ince  Kistiakowsky did  not observe cyclopropanone, it i s  
feas ib le  t h a t  CH inse r ted  i n  ketene t o  form an open chain compound ( see  2 
react ion 21) which decomposed t o  ethylene and CO. This explanation would 
not a f f ec t  any of our other hypotheses. I f  t he  CH2 t h a t  reacted with 
ketene was produced from ketene as t he  s ing le t ,  then a l l  the  calculated 
quan t i t i es  appear log ica l .  D e ~ n o r e ~ ~  repeated the  react ion of CH2 from 
diazomethane with ethylene a t  20°K and obtained the  quenched cyclopropane 
product. He a l so  reacted CH from diazomethane with ketene a t  20°K and 2 
observed what was thought t o  be cyclopropanone. These examples again 
point  out the  value of low temperatures f o r  both a quenching of excited 
species and a slowing of reactions.  
Figure 6 a l so  shows an a r ray  of possible reactions (see  reactions 
l7 3, 4, 5? 6, 7, 8, and 9) i n  the  synthesis of cyclopropanone from ketene 
and diazomethane. Note t ha t ,  as  calculated, t he  synthesis  of cyclopro- 
panone i s  only s l i g h t l y  exothermic and much l e s s  so than the  other reac- 
t ions ;  hence, t he  need of low temperatures and excess ketene. Reactions 
17-20 display t h e  ~q f o r  the  possible react ions  of cyclopropene. Note 
that the decomposition of the ring is an endothermic reaction and that 
the polymerization is the most exothermic reaction followed by the less 
exothermic isomerization to methylacetylene. It is interesting that 
cyclopropene ring decomposition has not been experimentally observed and 
that cyclopropene, when heated from low temperatures, begins to poly- 
merize at a temperature (-80") much lower than it will isomerize to 
methilacetylene (325" ) . This reactivity indicates that the activation 
energy for polymerization is lower than that for isomerization and also 
that the activation energy for decomposition is very large. The activa- 
tion energies characterizing cyclopropene reactivity increase with in- 
creasing endothermicity. Thus the heats of reactions of cyclopropene 
are so grossly different that its reactivity follows and may be predicted 
from this exothermic trend. 
Summarizing Comments 
We have obtained consistent heats of formation for the ring mole- 
cules investigated and straightforwardly calculated ring strains and bond 
energies (E) which we believe to be reliable, Introduction of the re- 
arrangement energy term allowed ms data to be related to the literature 
values as DO (c-C) = 52 for cyclopropane agreed well with the literature 
value of 49 kcal/mole. The rearrangement term also allowed a more rea- 
sonable distribution of energy among the ring bonds of cyclopropanone. 
We believe these results using the rearrangement term are significant 
and indicate that values derived from ms measurements on ring molecules 
must involve these terms. For ring molecules, it appears that bond disso- 
ciation energies are not only not equal to activation energies for ring 
opening but there also appears to be no simple relation between the two. 
Exploratory calculations with normal DO values led to interesting but 
inconclusive results. Assigning df = 90 kcal/mole to the singlet methy- 
lene leads to a series of consistent results for ring opening reactions 
and induces us to conclude that a necessary, but not sufficient, condition 
for ring opening is that the heat of reaction from the formation of the 
ring be greater than the activation energy for ring opening or decomposi- 
tion. Although in some cases the reactivity of cyclic molecules corre- 
lated with calculated exothemicity, we can draw no valid conclusions 
relating the two because of the lack of kinetic data. The results assem- 
bled in this thesis on ring molecules form an interesting body that awaits 
a rational explanation unique to ring molecules. 
CHAPTER V 
CONCLUSIONS AND RFCOMITZNDATIONS 
1. Cyclopropene was successfully synthesized a t  room temperature. 
It i s  s tab le  i nde f in i t e ly  a t  -196" and can be d i s t i l l e d  and t rans fe r red  
a t  room temperature under high vacuum with no s t ruc tu r a l  changes and with 
only an ins ign i f ican t  l o s s  from polymerization. This molecule was found 
t o  be much eas ie r  t o  handle than expected from previous data on i t s  re -  
a c t i v i t y  and explosiveness. Only a t  room temperature was polymerization 
noticeable. It possesses a very unusual mass spectrum as the  parent 
molecular ion as  wel l  as a l l  ions which possess t he  unopened r ing a re  a l l  
very intense while peaks t h a t  r e s u l t  from fragmentation of the  r ing 
s t ruc ture  are  r e l a t i v e l y  very weak. This low abundance along with very 
shallow AP curves precludes the  pos s ib i l i t y  of obtaining r e l i ab l e  ex- 
perimental AP's f o r  t h e  development of the  molecular energetics.  The 
I P  of cyclopropene was measured a t  9.6-9.7 eV which was supported by an 
MO calcula t ion of 9.6 eV, but it was s l i g h t l y  l e s s  than an e a r l i e r  value 
of  9.97 eV. Due t o  the  lack of precision i n  ms work, the  difference 
was not believed la rge  enough t o  be a t t r ibu ted  t o  anything other  than 
experimental e r ro r .  
2 .  Cyclopropanone was synthesized and i so l a t ed  as a pure species 
from the  l iqu id- l iqu id  react ion of diazomethane and ketene a t  -145". 
This i s  a novel react ion i n  t h a t  it i s  t r u l y  one of t he  few cryochemical 
reactions which w i l l  proceed a t  low temperature without external  ac t iva-  
t i on .  Improved yie lds  and fewer by-products were obtained with purer 
reagents and with ketene i n  excess of f ivefold .  Although it begins t o  
polymerize a t  about -90" and polymerizes very rapidly  a t  room temperature, 
it can be s tored i nde f in i t e ly  a t  -196". Although cyclopropanone i s  re-  
ported t o  decompose upon i t s  formation i n  the  gas phase react ion of 
methylene and ketene, it was found tha t ,  a f t e r  quenching t o  low tempera- 
tures ,  heating the  molecule up t o  temperatures as high as  2 5 " ~  did  not 
produce any evidence of decomposition or  s t ruc ture  changes, but ra ther  
it increased the  r a t e  of polymerization. The enhanced r e a c t i v i t y  a t  
t he  carbonyl carbon i s  the  r e s u l t  of the r e l i e f  of angle s t r a in s  obtained 
3 a s  the  bonding changes from sp2 t o  sp bonding. The mass spectra,  IP ' s ,  
and excess fragmentation energies of cyclopropanone and cyclobutanone 
were obtained from which t h e i r  molecular energetics were then deduced. 
The IP  of cycloprapanone (9.1 e ~ )  was more than a vo l t  lower than i t s  
open isomer,acrolein, and it was supported by MO calculations which a l so  
supported the  experimental value fo r  cyclobutanone (9 .4  eV). 
3. Cyclopropene was studied a t  -145" and room temperature. A l -  
though it i s  known. t o  polymerize a t  -80" and although the  polymerization 
i s  believed t o  be a react ion of the  excited double bond d i r a d i ~ a l , ~ ~  no 
experimentally detected change i n  t he  IP  (9.6-9.7 e ~ )  from -145" t o  
+25" was observed, This leads one t o  conclude t h a t  any formation of a 
t r i p l e t  occurs i n  such small amounts as t o  be experimentally undetect- 
able.  Similarly, cyclopropanone was studied a t  -30" and +25". Although 
t h i s  species polymerizes qu i te  rapidly  a t  room temperature and although 
many of i t s  reactions i n  solut ion a re  explained t o  proceed through the  
open r ing dipolar ion (23 kcal/mole more s tab le  than the  closed r ing) ,  
no change i n  the  I P  (9 .1  e ~ )  a l so  implies no detectable presence of 
these s t ructures .  
4. Several points may be made regarding the  cyclopropenone syn- 
t he s i s  and i so la t ion .  
a )  Although the  reported synthesis and nmr analysis  f o r  
cyclopropenone were reproduced, the  i so l a t i on  of the  ketone was not ac- 
complished by any of t he  following techniques: extract ion of t he  ketone 
from water solut ion using d i f fe ren t  kinds of solvents; performing t he  
hydrolysis s t ep  i n  water soluble solvents;  p a r t i a l  hydrolysis of t he  d i -  
chloro@yclopropene sample with l e s s  than the  stoichiometric amount of 
water; and drying of t he  solutions t o  remove dissolved water. The solu- 
t ions  resu l t ing  from the  application of these techniques were a l l  ana- 
lyzed by d i s t i l l i n g  them a t  low temperatures i n to  the  mass spectrometer. 
Instead of ident i fying the  ketone, o ther  products were observed which 
were not reported i n  t he  o r ig ina l  publication76 (which f a i l s  t o  repor t  
the  presence of o ther  products). I n  addition, t h i s  publication76 i den t i -  
f i e d  the  m/e 72 product as ac ry l ic  acid  which, from our work, does not 
appear t o  be a cor rec t  analysis .  It was concluded t h a t  fu r ther  work w i l l  
b e t t e r  define t he  problem and t ha t , i n  view of t h i s  work,the o r ig ina l  
synthesis, and t he  lack of addi t ional  publications since t h i s  f i r s t  r e -  
ported synthesis  (two years) ,  the  approach discussed herein t o  t he  syn- 
t he s i s  and separation has not been and l i k e l y  w i l l  not be very f r u i t f u l ,  
b) Assuming t h a t  t he  o r ig ina l  synthesis and characterization 
are  correct ,  t h i s  i so l a t i on  f a i l u r e  may be a r e su l t  of hydrogen bonded 
water being needed t o  s t ab l i ze  the  s t ruc ture  and prevent reaction.  This 
need i s  so g rea t  t h a t  water and ketone must move amongst solvents as  a 
un i t ,  and vaporization of the  solut ion leads t o  immediate and complete 
react ion of the ketone. On the  other  hand, the  products of t h i s  work 
and the unsubstantiated o r ig ina l  publication suggest t h a t  some other 
s t r uc tu r e ( s )  was made ra ther  than the  ketone. A t h i r d  possible explana- 
t i o n  i s  the  existence of a solut ion equilibrium between the  cycloprope- 
none and i t s  hydrate i n  which i t s  hydrate possesses a much higher vapor 
pressure. 
c) Dichlorocyclopropene and "hydrated cyclopropenone" were 
found t o  be cryochemical reagents polymerizing rapidly  a t  room tempera- 
t u r e .  
5. The energetics of cyclopropane seemed t o  be explained by the  
i n se r t i on  of an energet ic  rearrangement term, R(R  )ex, i n  the  equations 
1 g 
+ f o r  calculat ing Do ( R  -R ) and Do (R1-R2) We were able  t o  calcula te  fo r  1 2  
cyclopropane the  following values which compared wel l  with l i t e r a t u r e  
data:  
(lit. = 12.7) 
++ 
r ing  s t r a i n  = 36 (lit. = 27 r e l a t i v e  t o  para f f ins )  
(lit. = 49) 
Matt ( r i n g  opening) = 65 (lit. = 65) 
From the  ms calculated heatsof formation of cyclopropanone and cyclo- 
butanone of 27 2 8 and 13 k 5 kcal/mole, respectively,  bond energies 
were used t o  calcula te  addi t ional  r ing  s t r a i n s  of 36 and 19 kcal/mole 
with respect  t o  cyclopropane and cyclobutane, By a procedure analogous 
* 
local ized t o  carbon-carbon r ing  bonds 
to the one used for cyclopropane, the following values were predicted 
for cyclopropanone: 
This latter value supports the theory that cyclopropanone solution reac- 
tions proceed with a low activation energy through a ring opened dipolar 
ion. Note that,without the inclusion of R( terms, ms results would 
g 
predict a stronger bond at the distant carbon-carbon bond d(C-C) = 1.58 1 
t than the d(C-c ) = 1.49 bond. This result particularly points out the 
necessity of the rearrangement term. 
6. This reported ms experimental procedure can evidently be used 
to calculate AE$f to within about t 5 kcal/mole. Any lack of precision 
* 
in either AP or E measurements is partially overcome by using more than 
one fragment ion to calculate @ This measurement is only worth the f' 
trouble for molecules with structures from which it is not possible to 
make a good estimate from other methods. It is particularly adaptable 
to small rings because the fragments are produced in ground electronic 
states and correspond to molecules for which A F P ~  and IP are usually 
known and need not be measured. However, it is necessary to check for 
the occurrence of excess translational and vibrational energies. This 
technique is the reversal of the normal energetic treatment from which 
the heat of formation of the fragment ion is calculated from the AP by 
knowing the A@ of the parent molecule. f 
'carbonyl carbon 
7. The following conclusions about the  ms energetics of r ing 
compounds may be made: although it i s  very common f o r  t he  fragments 
produced upon e lect ron impact of r ing  compounds t o  possess excess t rans-  
l a t i o n a l  and v ibra t iona l  energy, it i s  ra re  t ha t  t he  measured appearance 
po t en t i a l  corresponds t o  a fragment i n  an excited e lec t ron ic  s t a t e .  The 
excess energy may be viewed as res idual  energy from the  fragmentation 
and formation of mult iple bonds. Inclusion of a rearrangement correction 
term f o r  the energet ic  difference i n  the  i n i t i a l  and f i n a l  r ing  fragmen- 
t a t i o n  products allows one t o  assign r ing  bond energies t o  par t i cu la r  
bonds and enables both DO and an estimation of r ing  opening act ivat ion 
energies t o  be calculated.  These seem t o  r e l a t e  well t o  l i t e r a t u r e  data. 
By analyzing a s e r i e s  of r ing  opening problems, it appears t ha t  a neces- 
sary, but not sufficieni;,condition f o r  r ing  opening i s  t h a t  the  amount 
of  energy l i be r a t ed  from the  formation of the  r ing  be g rea te r  than t he  
ac t iva t ion  energy f o r  r ing  opening. This analysis  a l so  revealed t ha t  
t he  most l i k e l y  Pf associated with excited s i ng l e t  methylene from diazo- 
methane i s  around 90 kcal/mole. 
8. The following improvements were rea l ized  with the adaptation 
of an X-Y recorder f o r  AP measurements. 
a )  The X-Y recorder using the  " l inear  match'' o r  " i n i t i a l  
break" methods can reduce the  time previously required f o r  manual record- 
ing of I E  data  from grea te r  than an hour t o  about 10 minutes without much 
l o s s  i n  precision.  
b )  The rap id i ty  with which t he  I E  data  can be recorded com- 
ba t s  slow changes i n  ion i n t ens i t i e s .  
c )  The X-Y recorder allows a quick check of the  e n t i r e  I E  
curve to detect any abnormalities which may dictate the IE method to be 
used. 
9.  The following conclusions were made concerning the technique 
used in this work for the measurement of excess energies. 
a) The correlation appears to apply well to a large class of 
compounds . 
b) The accuracy is limited by poor precision in making the 
experimental measurements. 
c) The poor precision of the experimental data prevented a 
definite conclusion about the theoretical soundness of relating experi- 
mental excess fragmentation energies to calculated thermodynamic states. 
10. The following conclusions were made concerning the general 
measurement AP's and the particular problem of long-tail ions. 
a) The determination of IP from IE curves that have standard 
shapes is obtainable by any number of methods with varying degrees of 
precision. On the other hand, the AP of ions with long tails requires 
methods that will separate the curve into sections pertaining to a single 
process. The AP of some long-tail, low abundance ions may be experiment- 
ally undekerminable using instrumentation of the sort employed here. 
b) IE curves resulting from ions whose partial pressures in 
the ion source differ by a factor of 10 or less may be electronically 
adjusted to a linear match over the range of five to six eV from the 
point of initial onset without introducing an error of more than 0.2 eV. 
Although electronic adjustment produces curves that will overlap, the 
initial breaks method is difficult to apply because the signal/noise 
changes and the IE curves appear different at the point of initial onset. 
However, by looking for good overlap of the curves over the first two 
volts of the curve, one can obtain higher precision and still have a 
method that emphasizes the initial onset region of the IE curve. 
11. The following conclusions were made concerning the applica- 
tion of MO calculations to strained ring molecules. 
a) From the results of this work with the four MO programs 
 i in do, Pople, Klopman, and ~off'man), only Pople appeared to show any 
promise of structure prediction. 
b) Because of the inability of molecular orbital calculations 
to predict known molecular structures or even most stable structures 
from which accurate AH and ionization potentials could be calculated, 
a 
theoretical chemists have had to adjust molecular parameters by empiri- 
cal means such that OHa and ionization potentials could be calculated 
accurately (on the average) for broad classes of compounds whose actual 
experimental bond lengths and angles are similar enough to allow a set 
of "standardr' molecular geometries to be used for all molecules in the 
calculations. Since cryogenic stxained ring compounds owe their exis- 
tence to abnormal (as opposed to standard) bonding and structure, the 
goals of synthesizing cryogenic molecules and semi-empirical MO calcu- 
lations seem to be mutually exclusive without some knowledge of how to 
assign a standard geometry to a ring. 
c) Because of the insensitivity of the IP to geometry changes 
and the good accuracy of calculated versus experimental IP (assuming the 
Mindo systematic oxygen IP error is correctable), the Klopman and Mindo 
programs appear to be usable for calculating IP's of cryogenic ring 
molecules. However, the strong geometry dependence (especially the C-C 
ring bonds) of both Mindo and Klopman prevent the use of these two pro- 
grams for calculating Mf until some confidence is gained in assigning 
standard geometries to abnormal rings. This assignment is further com- 
plicated for ring molecules of unmeasured actual geometries. Although 
the triplet calculations appear usable for parent molecules, the appli- 
cation to fragments appears to be also dependent on some better under- 
standing of standard geometries. 
d) Confidence in assigning standard geometries to ring mole- 
cules may be obtained by working with many known strained rings. Or, 
for a particular ring molecule with derivatives of known structure and 
properties, good agreement may result from calibrating the programs for 
this family of molecules as has been done for cyclopropane and cyclopro- 
pene families. 100 
e) Once this confidence is gained, the programs offer a 
strong potential for ms identification and distinction between ring and 
open isomers wherein AHa and IP usually differ significantly. For very 
unstable molecules not amenable to nmr or ir analysis, this seems a very 
worthy goal. 
f) Although parts of the programs may not yet be sufficiently 
accurate for absolute use, they still offer the possibility of relative 
comparison of different structures, triplets, isomers, etc. from which 
qualitative trends or relative quantitative data can be used for ms de- 
cisions and calculations. Also included in this area is the prediction 
of relative stabilities of competing products. 
The following work should be done. 
The ideas and techniques developed in this work concerning the 
synthesis of small rings and the determination of excess energies, heats 
of formation, etc. should be extended to other cryogenic, strained ring 
molecules with special emphasis on: 
a) Low temperature reactions of diazomethane with other reagents. 
b) Further work on the synthesis and isolation of cyclopropenone. 
c) Addition of atomic species to cyclopropene and cyclopropenone. 
The techniques of measuring excess energies and obtaining heats 
of formation, etc. should be employed to rectify inconsistent data or to 
obtain inestimable data such as: 
a) The debatable molecular energetics of cyclic B H 2 6 '  
b) The heat of formation of abnormally structured molecules. 
The measurement of excess energies and appearance potentials of 
+ + CH and IT2 from diazomethane should be made to determine the best values 2 
for the heats of formation of CH2 and CH2N2. 
A study of the effect of low and high temperatures on the mass 
spectra and appearance potentials of molecules with a large number of 
vibrational degrees of freedom and/or known electronic states. 
More precise experimental techniques should be developed such as: 
a) RPD and/or second derivative AP methods, 
b) improvement in electronic circuitry involved in obtaining 
experimental excess energy data. 
The theoretical soundness of relating experimental excess energies 
to calculated thermodynamic states should be reinvestigated if the pre- 
cision of mass spectrometrically obtained excess energies and appearance 
potentials improves to the level required for such an investigation. 
Molecular o r b i t a l  generalizations should be developed fo r  r ing  
compounds because of the  po t en t i a l  i n  product i den t i f i c a t i on  and deriv- 
ing molecular energetics.  
APPENDIX A 
MASS SPECTRAL DATA 
This appendix contains f igures  presenting t he  raw mass spectra l  
data  f o r  the  molecules studied f o r  which it was possible t o  e f f ec t  a 
f a i r  separation of the  molecule and i t s  impurit ies.  Unless s t a t ed  other-  
wise, a l l  mass spectra  were obtained a t  70 eV. Both pos i t ive  and nega- 
t i v e  ion spectra  were checked f o r  cyclopropanone, cyclopropane, and cyclo 
propene. Negative ion  spectra  cannot be recorded with exis t ing labora- 
t o ry  instrumentation and CC14  was in jected i n to  t he  spectrometer f o r  a 
rough cal ibra t ion.  Negative ions were observed f o r  C 1 -  a t  masses 35 
and 37 and even t he  OH- a t  mass 17 from background water was v i s i b l e .  
Under these same experimental conditions, no negative ions were detected 
f o r  the  r ing  systems. 
c~-C3H6 
Figure 7 pic tures  t h e  mass spectrum of cyclopropane. Table 2 
(chapter 111) compares t h i s  spectrum t o  l i t e r a t u r e  spectra  which agree 
a s  well as expected. There a re  some in te res t ing  points  t o  be made about 
the  spectrum. The high abundance of the  ions per ta ining t o  the  r ing 
(m/e 42, 41, . . . . , 36) indicates  t h a t  the  pos i t ive ly  charged r ing  i s  a 
s t ab l e  s t ruc ture .  This i s  reasonable i n  view of the  f a c t  t h a t  cyclopro- 
pane r ing i s  known t o  have an electronegative character .  ~ i e l d ~ ~  used 
energetic arguments t o  claim tha t  t he  r ing  opened up with e lect ron bom- 
bardment. This idea i s  questioned i n  t he  energetic section of t h i s  work. 
It i s  not surpr is ing t ha t  mass 39 i s  abundantly present.  This cyc l ic  ion 
i s  t he  simplest possible aromatic system and, as we s h a l l  see, i s  t h e  
most abundant ion i n  cyclopropene. It i s  in te res t ing  t o  note t he  lack 
of abundance of the  two most obvious fragment ions: 
+ + The greater  abundance of fragment C H (36 percent) and C2H2 (16 percent)  
2 3 
+ 
w. r. t. C2H4 ( f i ve  percent) indicates  t ha t  t h e  fragmentation probably in -  
volves a two-step procedure with an intermediate rearrangement process. 
These more abundant fragments a l so  produced more normally shaped I E  
curves ( see  Appendix B) . 
The mass spectrum of t he  react ion off gas i s  presented i n  Figure 
10. Comparison of product mass 70 spectrum and cyclobutanone spectrum 
i n  Figure 8 supports t he  conclusion t h a t  they are  the  same molecule. 
Figure 9 characterizes cyclopropanone under various conditions. Note 
t ha t ,  as expected, i t s  mass spectrum shows very weak r ing  bonds, pos- 
+ + 
s i b l y  giving both CO and C2H4. Also note the  s imi la r i ty  of t h i s  spec- 
trum t o  cyclobutanone . 
Figure 7 compares the  nearly i den t i ca l  mass spectra of cyclopro- 
pene a t  low temperature (-140" ) and room temperature. This mass spectrum 
i s  verT unusual. The ion peaks corresponding t o  the in tac t  (m/e 40, 39, 
. . . , 36) ring are  very intense. The f ac t  t ha t  the r ing should so 
readily accept a posit ive charge i s  explained by the theory of aromatic 
compounds. A r ing w i l l  be aromatic i f  it possesses 4~ + 2 electrons 
( = 0 1, 2 . . . ) Planar cyclopropenyl cation 
with only two electrons i n  the p orb i ta l s  would be aromatic and, hence, 
contain considerable electron delocalization stablization. The inten- 
s i t i e s  of ions resul t ing from the fragmentation of the cyclopropene ring 
are a l l  l e s s  than 10 percent of the  most abundant peak. In addition, 
par t  of these small mass signals may be produced from the fragmentation 
of an impurity present i n  the sample (m/e 42, 41, . . .). 
The mass spectra of the cyclopropenone experiments a re  presented 
i n  t h i s  appendix but are more conveniently analyzed i n  Chapter 111. 
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APPENDIX B . 
IONIZATION AND APPEARANCE POTENTIALS 
The purpose of t h i s  appendix i s  t o  discuss and ver i fy  the  I? 
methods used i n  t h i s  work and t o  present and summarize t he  I P  and AP 
da ta  f o r  the  r ing systems. Included are  discussions of spec i a lp rob -  
lems and the adaptation of the  X-Y recorder t o  the  I P  measurements. 
L i te ra tu re  and Comments on IP  Methods 
A great  deal  of work has been done on extracting I P  from I E  data.  
However, almost a l l  of the  work concerned curves with t he  cha rac t e r i s t i c  
shape of those of the  i n e r t  gases. This shape of curve w i l l  be re fe r red  
t o  as "standard curves. " The usual  assumption t h a t  ionizat ion probabil- 
i t y  increases l i n e a r l y  with e lect ron energy has been ver i f i ed  by a num- 
ber  of workers 81-83 f o r  standard gases. These types of de ta i l ed  s tudies  
made with monoenergetic electrons and on gases such as He (whose nearest  
exci ted s t a t e  i s  about 19 eV from the  ground s t a t e )  y ie ld  unambiguous, 
r e l i a b l e  r e su l t s .  However, f o r  most mass spectrometers ( ~ e n d i x  T-0-F 
included), the  ionizat ion i s  produced by a beam of electrons containing 
a d i s t r i bu t i on  of energies. Electrons emitted by a filament a t  a  ce r ta in  
temperature possess a thermal d i s t r i bu t i on  of energies which adds t o  
any energy given t o  t h e  e lect ron by acceleration.  This r e su l t s  i n  pre- 
mature ionizat ion of a compound by high energy electrons even when t he  
e lect ron energy from acceleration i s  s t i l l  well  below the I P  of the  com- 
pound. The magnitude of the  e f f ec t  depends upon the  filament temperature 
and t h e  nature of t he  filament i t s e l f .  Since t h e  high energy sect ion 
of t h e  thermal d i s t r i bu t i on  i s  exponential, t he  I E  curves begin with an 
exponential curved region of about two vol ts ,  followed by an intermedi- 
a t e  curved region of one t o  two vo l t s  which passes i n to  an apparently 
l i nea r  region of a few vo l t s .  The curve continues t o  increase upward 
u n t i l  a t  about 40 vol t s  it begins t o  f l a t t e n  out.  The behavior of t he  
I E  curve i s  exhibited i n  Figures 19 and 20 and t h e  i n i t i a l  exponential 
segment i s  apparent i n  t he  semilog p lo t  of Figure 17. Due t o  t h i s  
i n i t i a l  exponential region, the  decision as  t o  which point should be 
taken a s  the  appearance po t en t i a l  has been a point  of some dispute. 
Also because of t h i s  i n i t i a l  exponential region and f o r  the  many ins t ru -  
mental fac to rs  t h a t  a f f ec t  t he  e lec t ron  energy, it is  necessary t o  c a l i -  
b ra te  t he  energy sca le  using a gas with an accurately known IP, usually 
a r a r e  gas o r  a simple polyatomic molecule. The problem then becomes 
how t o  compare and r e l a t e  t he  I E  curve of t he  unknown gas with t h a t  of 
the  ca l ib ra t ing  gas. Once t he  I P  r e l a t i v e  t o  t he  standard i s  measured, 
then t he  absolute I P  i s  obtained. It i s  necessary t o  b r i e f l y  discuss 
the  methods avai lable  f o r  obtaining I P  so t h a t  the  reasons f o r  choosing 
one over t he  other  can be b e t t e r  understood. 
Standard Curves 
Linear Methods 
These methods a re  applied t o  I E  data  displayed on l i n e a r  X-Y p lo t s  
such as Figure 16. The most obvious th ing  t o  do i s  t o  ignore t he  curved 
region and extrapolate  t he  l i n e a r  por t ion of t h e  curve t o  t he  energy 
axis.  This method, " l inear  extrapolation,  1'84 normalizes t he  sample and 
ca l ib ra t ing  gas by e i t he r  making the  ion currents equal a t  70 eV o r  by 
making t h e  l i n e a r  port ions pa ra l l e l .  Because of instrumental noise, e t c . ,  
it is  not always obvious exactly where the  l i nea r  port ion l i e s  and, hence, 
the  subjective extrapolation usual ly  produces r e su l t s  r e l i ab l e  t o  0.1- 
0.2 eV. 
The method of "vanishing current  '185 o r  " i n i t i a l  breaks" assumes 
t h a t  the  I E  curve approaches the  energy axis  with a non-zero slope and 
the  point  of i n i t i a l  onset has significance as  the  AP. A serious c r i t i -  
cism i s  t h a t  the  ion current  i s  found t o  approach the  axis  asymptotically 
and the  AP, where the  ion current emerges from the  background noise level ,  
depends on t he  s ens i t i v i t y  and the  signal/noise r a t i o .  This method a l so  
requires normalization of the  curves by e i t h e r  of the  two previously 
mentioned methods o r  by p lo t t i ng  the  data  on such scales  as necessary 
t o  make the  l i n e a r  port ions pa ra l l e l .  Because of the  subjective nature 
of determining the  ion current onset, t h i s  method i s  a l so  r e l i a b l e  t o  
0.1-0.2 eV. 
A l e s s  subjective modification of t h i s  method i s  the  "extrapolated 
difference" method, 869 87 which i s  empirical i n  t ha t  a p lo t  of the  d i f -  
ference i n  the  energy ordinates,  AV, f o r  t he  ca l ib ra t ing  and sample ion 
versus the  ion i n t ens i t y  i s  extrapolated t o  zero ion i n t ens i t y  f o r  the  
IP  voltage difference.  I n  t h i s  method, the  s t r a igh t  l i n e  port ions a r e  
adjusted t o  be pa ra l l e l .  
We used a technique which combined some of the  above ideas and 
was e a s i l y  adaptable t o  the  X-Y recorder. The method involved overlap- 
ping the  I E  curves f o r  the  sample and ca l ib ra t ing  gas from the  i n i t i a l  
onset t o  about one t o  two vo l t s  i n to  the  l i n e a r  region. Henceforth, t h i s  
w i l l  be referred t o  as the  " l inear  match" method and t h e  expected pre- 
c i s ion  was a l so  0.1-0.2 eV. 
Logarithmic Methods 
88 A l l  t he  var ia t ions  of t h i s  technique stem from Honig's assumption 
t h a t  t he  i n i t i a l  exponential increase can be derived from assuming a 
thermal d i s t r ibu t ion  of e lect ron energies. Honig derived the  slope of 
the  semilog IE curve a t  the  IP. This " c r i t i c a l  slope"88 method does 
not require a normalization procedure. Lossing, e t  found t h a t  
semilog p lo t s  of TE curves yielded p a r a l l e l  s t r a igh t  l i n e s  and he a rb i -  
t r a r i l y  took as the  I P  t h e  energy when the  ion current  was one percent 
of i t s  value a t  50 eV. 
The s emilogarithmic matching method9' involves overlapping the  
semilog p lo t s  of the  ca l ib ra t ing  and sample ions by sh i f t i ng  both the  
i n t ens i t y  and energy axes. A l l  of these logarithmic methods y ie ld  r e su l t s  
of about * 0 . 1  eV precis ion,  
Monoenergetic Electron Methods 
Although monoenergetic e lect ron impact work i s  rare ,  Fox, e t  a l .  91 
have developed the  "RPD" method which allows one t o  obta in  electrons of 
0 . 1  eV wide s l i c e  from the  thermal d i s t r ibu t ion  of t he  e lect ron beam. 
Using t h i s  technique, workers have found t ha t  t he  ionizat ion probabi l i ty  
indeed does vary l i n e a r l y  with e lect ron energy and t h a t  segmented s t r a igh t  
l i n e s  a re  obtained f o r , i o n s  resu l t ing  from many processes. 
Second Derivative Method 
  orris on^^' 93 has provided a theore t ica l  analysis  which shows 
tha t ,  i f  the ionizat ion probabi l i ty  fo r  the exc i ta t ion  of a molecule t o  
a s ing le  e lect ronic  s t a t e  of t he  ion i s  a polynomial of degree one, then 
t h e  p l o t  of the  second der ivat ive  of t he  ion i n t ens i t y  versus e lect ron 
energy w i l l  y i e ld  a sharp peak a t  t h e  ionizat ion po t en t i a l  whose shape 
i s  the  reverse of t h e  thermal d i s t r i bu t i on  of energy of t he  filament 
electrons.  Assuming t h a t  t h e  experimental ionizat ion eff ic iency curve 
is  the  r e s u l t  of t he  ar i thmet ic  addit ions of individual  ionizat ion prob- 
a b i l i t i e s  f o r  each s t a t e  of t h e  ion, the  second der ivat ive  curve should 
reveal  a peak f o r  each process. 
For sample ions with I E  curves of the  same shape as t he  ca l ib ra t -  
ing ion, we conclude t h a t  I P  from a l l  t he  above methods could be used t o  
est imate t he  t r u e  IP. However, t he  precis ion from one method t o  another 
var ies  depending upon the  degree of subjectiveness inherent i n  each 
method as  wel l  as upon the  t heo re t i c a l  bas is .  We decided t o  use e i t h e r  
the  " l inear  ~ a t c h "  o r  the  " i n i t i a l  break" along with the  "semilog match." 
If a number of measurements was made t o  remove some of the  subjective 
nature, then an accuracy of 0.1 eV was t o  be expected. 
Long-Tail Curves 
Long-tail ions a r e  those t h a t  possess an I E  curved region much 
longer than a standard ion, This i s  very o f ten  the  case of low in t ens i t y  
fragment ions. The problem of measuring the  AP becomes the  problem of 
comparing two curves t h a t  a r e  not shaped a l ike .  A t  t h i s  point ,  some 
theo re t i c a l  hypotheses a r e  necessary. If one accepts the  addi t ion of 
separate processes with each l i n e a r  ( i n  i t s  e lect ron energy) dependency, 
then one would expect an ove ra l l  IE curve f o r  monoenergetic e lect rons  
t o  be a s e r i e s  of segmented s t r a i g h t  l i ne s .  This i s  t h e  hypothesis i n  
most favor today and i s  substant ia ted by many RPD, second derivative,  
and photoionization experiments. For two such processes whose IP  a r e  
separated by only a few vol ts ,  one would expect an e lect ron beam of the r -  
mal energy spread t o  smear the  two segmented s t r a igh t  l i n e s  in to  a long, 
but f a i r l y  steep, curved t a i l .  On the  other hand, i f  the re  were many 
processes taking place with t he  low energy processes being a l so  of  low 
probabi l i ty  and I P ' s  only s l i g h t l y  separated by small eV, then one could 
visual ize  a monoenergetic I E  curve of many c losely  spaced segmented 
s t r a igh t  l i ne s .  The c loser  t he  spacing, the  more t h i s  I E  curve would 
appear curved ra ther  than as segmented s t r a igh t  l i ne s .  There a r e  some 
monoenergetic data  t h a t  do appear t o  be a curved probabi l i ty  process. 
I n  any event, t he  spread i n  the  e lect ron beam energies would most cer- 
t a i n l y  y i e ld  a long, shallow t a i l .  
Methods 
With long- ta i l  ions, then, any l i nea r  region i s  a gross r e s u l t  
being produced by more than one process. Extrapolation of t h i s  s t r a igh t  
l i n e  would give a number with no r e a l  meaning. This i s  t he  main reason 
t h a t  the  " l inear  extrapolation" method f e l l  i n to  general  disuse. The 
" i n i t i a l  breaks" method has the  s ign i f ican t  advantage t ha t  ionizat ion 
po ten t ia l s  tend t o  approach the  t r ue  values. I t s  l im i t a t i on  i s  t h a t  one 
s t i l l  has t o  ca l i b r a t e  versus a standard ion and t o  do so a normaliza- 
t i o n  procedure i s  necessary. Previous normalization procedures w i l l  not 
work. The semilogarithmic methods obviously w i l l  not work i s  the re  i s  
more than one process contributing t o  the  i n i t i a l  p a r t  of t he  curve. 
RPD and second der ivat ive  methods can separate I E  curves i n to  
contributions from the  various processes t ha t  occur, and both a r e  d i r ec t l y  
applicable t o  l ong - t a i l  ions. 
Discussion 
Most of the  l ong - t a i l  ions encountered i n  t h i s  work were a l so  of 
low abundance. The occurrence of shallow, l ong - t a i l  ions t h a t  a r e  a l so  
o f  low abundance produces recorded ion i n t ens i t i e s  t h a t  f luc tua te  near 
the  AP. To obtain RPD data one must subtract  two ion i n t ens i t i e s  t o  ob- 
t a i n  the  much smaller ion i n t ens i t y  from small s l i c e  of electron beam. 
From experience on t he  T-0-F mass spectrometer, these  subtracted r e su l t s  
w i l l  include much s c a t t e r .  I f  one p lo t ted  the  data, it would be impos- 
s i b l e  t o  t e l l  whether it i s  a curve o r  segmented s t r a igh t  l ines ,  both of 
which a re  possible.  A curve drawn through t he  data  would then have t o  
be extrapolated, and hence one has returned t o  t he  o r ig ina l  d i f f i cu l t y .  
The s i t ua t i on  i s  f u r t he r  aggravated by c losely  spaced IP ' s .  
It would seem t h a t  t he  second derivative method with scat tered 
data, when d i f fe ren t ia ted ,  would produce more s ca t t e r .  Besides t ha t ,  the  
peak produced by t h i s  method indicates t h a t  the  I P  i s  as  wide as the  
thermal d i s t r i bu t i on  on the  electrons.  Since t he  curved port ion of the  
I E  curves fo r  the  T-0-F i s  about four eV, we would expect the  half  width 
t o  be a t  l e a s t  one eV. Two I P ' s  separated by l e s s  than one eV with sca t -  
t e r ed  data would probably produce a large  unresolved peak. 
For these  low abundance, long- ta i l  ions, it appears t ha t  the  
processes must be a t  l e a s t  two eV apart  t o  be successfully separated by 
any experimental method. I f  t h i s  were the  case, by taking only the  f i r s t  
two vo l t s  of t he  I E  curve and assuming only one process was taking place, 
x. 
it was reasoned "cat, by multiplica.tion of t he  sample ion i n t ens i t i e s ,  
* 
See sect ion i n  t h i s  appendix on "sample Pressure i n  the source" 
f o r  an estimate of the  e r ro r  introduced by mul t ip l icat ion of ion inten- 
s i t i e s .  
the  sample and ca l ib ra t ing  gas could be made t o  overlap. The overlap 
could be e i t h e r  l i n e a r  o r  semilog and t he  mul t ip l icat ion by instrumental 
e lec t ron ic  means o r  correct ion t o  t he  raw data. Thus, it was  proposed 
t o  normalize t he  curves a t  two vo l t s  above t he  AP. If t h i s  procedure 
fa i l ed ,  then it was reasoned t h a t  t he  processes l ay  too c losely  spaced 
o r  t h a t  the  ion  i n t e n s i t i e s  were too low t o  be detected. ~ 
The Effect  of Ex-oerimental Conditions and Instrumental 
Set t ings  on I E  Curves 
The two most important instrumental e f f ec t s  of t he  T-0-F mass 
spectrometer, t he  d i s t r i bu t i on  of thermal energies on t he  e lect ron beam 
and t h e  ca l ib ra t ion  of the  energy scale,  were discussed i n  t h e  previous 
section.  The observed peak i n t ens i t y  ( I )  i s  a function of t he  density 
of t h e  e lect ron bean ( p ) ,  the  densi ty  of the  sample ( p s ) ,  t h e  gross 
ionizat ion cross sec t ion  o ( e ~ )  (which i s  a function of e lect ron energy), 
and a combined e lec t ron ic  f ac to r  of the  instrument (K) as :  
This sect ion i s  devoted t o  discussing some of t h e  instrumental myths 
per ta ining t o  I P  measurements. 
Factors Not Affecting I E  Curve Shape 
It has been generally advised that, once an e lect ronic  s e t t i n g  
has been changed, the  energy sca le  must be recal ibra ted.  This was con- 
cluded because most of t he  e lec t ron ic  adjustments a re  continuously var i -  
able  which, once changed, cannot be exactly r e se t .  This i s  e n t i r e l y  
t rue ,  but the re  a re  many fac tors  t h a t  a r e  l i n e a r  and which can be 
counterbalanced by other l inear  adjustments. Tests were t r i e d  i n  which 
electronic set t ings were changed and then the X-Y recorder gain was used 
t o  t r y  t o  reproduce a previously recorded I E  curve. Factors found t o  be 
l inear  were analog sens i t iv i ty  (must be zeroed), multiplier voltage, 
multiplier gain, and control pulse height. 
Factors Affecting the I E  Curve Shape 
Increasing the filament current increases the filament tempera- 
ture  which: increases the maximum thermal energy; increases the average 
thermal energy; and increases the exponential decay rate .  These effects,  
i n  turn, decrease the i n i t i a l  onset of ionization ( i . e .  ion current ap- 
pears a t  a lower electron energy), decrease the uncalibrated IP, and 
increase the I E  exponential growth. These effects  are  displayed i n  
Figure 15 f o r  both high and low t r ap  currents. The filament currents 
of 3.9 and 2.9 amps were the maximum and minimum usable currents. A s  
can be seen, the change i n  filament current moves the onset more than 
one eV downscale. Increasing the filament current increased the ion 
current, but f o r  Figure 15, the ion current was electronical ly  adjusted 
t o  make the l inear  portions pa ra l l e l  so tha t  the shapes could be com- 
pared. Although a higher filament temperature reduces the e f fec t  of 
the energy dis t r ibut ion of the electron beam on the I E  curve, it also 
reduces the l i fe t ime of the filament and increases the prospect of sur- 
face ionization and subsequent diffusion into the ionization chamber 
which would in ter fere  with the I P  measurement (see Figure 17). For 
these reasons, we chose t o  run a t  near minimum filament current. It 
was found tha t  the filament current could not be changed and reset  t o  
the same current and obtain the same cal ibrat ion curves. It i s  recommended 
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Figure 15. Effect  o f  Filament and Trap Currents on Linear I E  Curve Shape o f  Water 
t h a t  a filament never be changed during a ca l ib ra t ion  experiment. 
Figure 15 a l so  shows the  e f f ec t  of changing t he  t r ap  current  
(i. e.  electrons/time) . Increasing the  t r ap  current  from 0.05 t o  0.30 
microamps g rea t l y  increased the  i on  current  (10 times) which was then 
reduced by e lect ronic  adjustment so t h a t  the  l i nea r  port ions were paral -  
l e l  and the  curves could be compared i n  Figure 15. Before t h e  curves 
were adjusted, the  increase i n  t r a p  current had decreased t he  point  of 
i n i t i a l  onset; a f t e r  adjustment, t he  onset increased. This indicates  
tha t ,  t o  increase the  t r ap  current,, t he  port ion of the  electrons of 
average energies i s  increased r e l a t i v e  t o  the  port ion of high energy. 
When the  i n t ens i t y  of the  curve i s  reduced, then the  s e n s i t i v i t y  el imi- 
nates t he  high energy electrons which were producing recordable ions 
before. Thus, the  onset moves up ( i . e .  increasing e lect ron energy) 
and t he  exponential r a t e  decreases. This strongly implies t ha t  the  
ac tua l  d i s t r i bu t i on  of e lect rons  reaching t he  ionizat ion region i s  not 
what it i s  a t  the filament and i s  determined by t he  control  g r id  bias  
which var ies  t o  keep the  t r a p  current  constant. The e lect ron gun con- 
s i s t s  o f :  a  filament kept a t  a  negative po ten t ia l ;  a  s e r i e s  of g r ids  
with rectangular openings f o r  coll imating the  e lect rons;  a f i r s t  g r i d  
( ca l l ed  the  control  g r id )  t o  which an adjustable rectangular pulse with 
adjustable bias  i s  applied; the  ionizat ion region; magnets t o  collimate 
t he  electrons;  and a t r ap  anode t o  co l l ec t  and measure the  e lect ron 
current .  The electrons a re  accelera ted by t he  po t en t i a l  between the  
negative filament bias  and ground and, consequently, t he  e lect ron energy 
i s  numerically equal t o  t h i s  negative bias .  Another negative bias ,  t h a t  
applied t o  t he  control  grid,  i s  adjus table  from -10 t o  -50 vo l t s  more 
negative than the  filament bias  which prevents e lect rons  from t ravel ing 
i n to  the  g r id  opening. The periodic pulse on t he  control  g r i d  then 
causes it t o  become posi t ive  w e r o t .  t he  filament and allows the  elec- 
t rons  t o  pass through t h e  opening. Since t he  t r a p  current  can be in-  
creased by increasing t he  control  g r i d  bias,  it must be t h a t  not a l l  
electrons t r a v e l  through the  chamber and a  l a rge  por t ion must be l e f t  
behind. By increasing t h e  control  g r i d  bias,  the  pulse i s  more posi t ive  
w . r . t .  t he  filament bias  and t h i s  stronger i n i t i a l  p u l l  must propel more 
electrons out. Since t h e  e lect ron beam i s  always r i c h  i n  high energy 
electrons,  the  semilog I P  methods s t i l l  hold (see  Figure 17) .  We de- 
cided t o  use a  t r a p  current  of 0.125 microamps f o r  semilog p lo t s .  We 
found t h a t  I E  curves run a t  0.130 and 0.120 microamps did  not d i f f e r  
s ign i f ican t ly ,  and thus t h i s  much var ia t ion i n  control l ing t he  t r a p  
current  during an experiment can be to lera ted.  It i s  noted experiment- 
a l l y  t ha t  a  decrease i n  the  e lect ron energy causes the  t r a p  current t o  
decrease. This may be caused by a  poorer focusing of the  e lect ron beam. 
It i s  important t o  note t h a t  the  control  g r i d  bias  i s  increased t o  obtain 
more t r a p  current during t he  col lect ing of I E  data. Therefore, it would 
not be surpr is ing t o  f i nd  t h a t  compared I E  'curves f o r  *sample and ca l i -  
bra t ing ions obtained over widely separated e lect ron energy ranges 
possess d i f fe ren t  i n i t i a l  curve shapes. 
Smple  Pressure i n  Source 
Many of t he  IP methods involve normalization of t he  sample and 
ca l ib ra t ing  ions a t  70 eV, a t  t he  l i nea r  region, o r  a t  t he  exponential 
region. This normalization (adjust ing the  ion i n t ens i t y  t o  be t he  same) 
i s  done t o  insure t h a t  both the  sample and the  ca l ib ra t ion  gas a r e  being 
ionized under the  same conditions i n  the  ion source and, hence, w i l l  
have t he  same shaped I E  curves. Tests were carr ied out t o  determine i f  
and how much e f f ec t  the  sample pressure would have on the  I E  curve shape. 
The r e su l t s  a re  shown i n  Table 1 4  f o r  agron using a  t r a p  current of 
0.125 microamps and a  filament current of 3.6 amps. For a  base case 
argon in tens i ty ,  several  I E  curves were obtained over d i f fe ren t  e lec-  
t r on  energy ranges (while the  curves of 12-15 eV did  not include any 
l i n e a r  port ions,  the  curves of 12-18 eV went wel l  i n to  t h e  l i n e a r  region) .  
Next the  argon i n t ens i t y  was increased by increasing t h e  flow r a t e  of 
argon i n to  the  ion source. By using the  analog s e n s i t i v i t y  and recorder 
gain, t he  argon i n t ens i t y  was lowered u n t i l  the  I E  curve shape would 
overlap t he  i n i t i a l  I E  curves taken a t  t h e  base case in tens i ty .  I n  
other  words, argon a t  one source pressure was cal ibra ted against  i t s e l f  
and a t  another source pressure by e lec t ron ica l ly  adjusting t he  ion  in ten-  
s i t i e s .  Table 14 shows consistent  r e s u l t s  except f o r  case 11. Since 
a l l  of case 11 resu l t s  a re  inconsistent  by t he  same amount, we a t t r i b u t e  
t h i s  t o  a misreading of the  energy scale  and neglect these data. It can 
be seen t ha t ,  
 or^ t h e  average, comparing peaks up t o  10 times difference 
i n  sowce  sample p a r t i a l  pressure produces an e r ror  of l e s s  than 0.15 eV 
and that, f o r  any pa r t i cu l a r  case, the  e r ro r  i s  l e s s  than 0.25 eV. For 
the  l i n e a r  match IP, these r e su l t s  indica'ee t h a t  t ry ing  t o  adjust  peak 
i n t e n s i t i e s  exactly i s  a  waste of time. Ju s t  ge t t ing  i n t ens i t i e s  within 
a  fac tor  of two and using the instrumental gain t o  f i ne ly  adjust  the  
match seems a  more appropriate procedure, Using t h i s  chart,  one could 
ca l i b r a t e  a  s e r i e s  of fragment ions a t  one i n t ens i t y  of ca l ib ra t ing  gas. 
Precisely adjusting the  i n t ens i t y  of a  gas t o  a  s e t  value by changing 
Table 14. Var i a t ion  of Argon Linear  Match IP 
wi th  Ion Source P a r t i a l  P re s su re  
: 
C Case a t  70 eV r e l a t i v e  rat . -  12-l$ 12-18 12-17 12-16 12-15 avg. 
la .1x 1-1 (25) b 250 1 
2 . 1 ~ 2 - l ( 3 5 )  700 3 -0.07 -0.10 -0.09 -0.06 -0.08 
3 . 1 ~ 4 - l ( 4 0 )  1600 7 -0.20 -0.03 -0.08 -0.06 -0.08 
4 1x1-l(40) 4000 15 -0.25 -0.17 -0.16 -0.20 -0.20 
 
avg . -0.17 -0.10 -0.12 -0.12 -0,12 
avg , 
avg . 
Summary 
------ 
e pPp pp grand avg. -0.12 -0.07 -0.13 -0.12 -0.03 -0,09 
a. base cases  
b. des igna t ion  t o  be i n t e r p r e t e d  a s  fo l lows:  .1~1, analog 
s e n s i t i v i t y  s e t t i n g ;  -I9 m u l t i p l i e r  vo l t age  s e t t i n g ;  and 
(25),  25% of f u l l  s c a l e  analog ion  cu r ren t  ou tput  reading ,  
c ,  r a t i o  (case /base  case)  
d. IP e r r o r  = LP(case) - IP(base  case)  
e,- does not  inc lude  case  13, only r a t i o s  1 t o  15. 
f .  range(eV) of IP Measurement 
(and waiting f o r  the  flow t o  s t ab i l i z e )  i t s  flow r a t e  can be a tedious 
and time consuming job. To correct  the  AP whose i n t ens i t y  was adjusted 
down t o  match t h e  other, one would have t o  add the  amount i n  the  t ab l e ;  
t o  correct  an AP adjusted up t o  match, subtract  the  amount. 
The effect  of changing sample source pressure on the  i n i t i a l  
breaks I P  was a l so  investigated.  For a given recorder sens i t iv i ty ,  an 
increase i n  sample source pressure w i l l  decrease t he  point  of i n i t i a l  
onset. An in t ens i t y  increase of 10 times lowers the  onset about one eV. 
I f  one t r i e s  t o  e lec t ron ica l ly  adjust  t he  lower i n t ens i t y  curve t o  match 
t he  higher, an I E  curve i s  obtained which matches wel l  but which con- 
t a i n s  a d i f f e r en t  element of s igna l  t o  noise and herein l i e s  t he  problem. 
Since the  curves now appear di f ferent ,  t he  subjective determination of 
the  point  of i n i t i a l  onset l e d  t o  an e r ro r  i n  the  above case of about 
+ 0.3 eV. However, s ince the ac tua l  adjusted curves matched f a i r l y  well, 
we proposed t o  use the  idea of the  l i n e a r  match a t  the  i n i t i a l  e lect ron 
energy I E  range of two eV, and we thereby obtained b e t t e r  r e su l t s  (0.1- 
0.2 e ~ )  . This procedure i s  re fe r red  t o  i n  the  t ab les  as normalization 
a t  the  disappear po t en t i a l  (DP) .  
Control Pulse Exceeding Ground Potent ia l  
Throughout t he  h i s to ry  of the  measurement of IP, there  has been 
t he  f e a r  t h a t  the  control  pulse would go above ground. The electrons 
would be accelera ted through a po ten t ia l  from the  negative bias  on the  
filament t o  the  pos i t ive  value of the  control  pulse and t he  e lect ron 
energy would be g rea te r  than indicated by the  filament bias .  It was 
found tha t ,  f o r  a clean and properly focused source and well adjusted 
collimating magnets, there  was usually enough t r a p  current such t ha t  
t he  control  g r i d  bias  was never ra ised high enough t o  cause the  pulse 
t o  go above ground during an I P  experiment. I n  fac t ,  it could only be 
made t o  happen with very poor magnet adjustment. The resu l t ing  e f f ec t  
i s  t o  continue t o  give ion current  a t  e lect ron energies up t o  f i v e  eV 
below the  I P  and as such, t he  e f f ec t  is  immediately obvious. Since the  
manual control  b ias  var ies  from -10 t o  -40 vo l t s  r e l a t i v e  t o  the  f i l a -  
ment, adjusting the  control  pulse height t o  15 vo l t s  would make it i m -  
poss ible  f o r  the  pulse t o  go above ground u n t i l  the  e lect ron energy 
dropped below f ive  eV. This would allow measurements of I P ' s  as  low as 
e ight  eV with no f ea r  of the  control  pulse going above ground. 
Manual Versus Automatic Trap Current Regulation 
It has long been an accepted prac t ice  t o  never use t he  automatic 
current  regulator i n  I E  curves because the  automatic regulat ion w i l l  con- 
t inue  t o  produce t r a p  current  a t  e lect ron energies where t he  manual t r ap  
regulat ion w i l l  not .  Both manual and automatic regulation involve chang- 
ing  the  control  g r i d  bias  but  automatic regulation must allow a l a rger  
range of control  biases.  We found tha t ,  as long as  t h e  manual regula- 
t i o n  was working su f f i c i en t l y  t o  produce I E  curves, the  I E  curves pro- 
duced by the  automatic regulat ion were iden t ica l .  Therefore, t he  only 
requirement f o r  the  use of t he  automatic regulation was checking the  
manual beforehand t o  see whether it could perform the  task.  Almost a l l  
of t he  I E  curves i n  t h i s  work were obtained i n  automatic regulation.  
Calibration from Day t o  Day 
I n  t h i s  work it was found t h a t  t he  ca l ib ra t ion  of the  machine 
did  not change s ign i f ican t ly  from day t o  day as long as the  same filament 
and t r ap  currents were used. As discussed previously, the  filament 
current cannot be reset exactly, but it was found that, by turning the 
filament off using one of the safety interlocks, i.e., by switching the 
pressure gage from to and without adjusting the filament cur- 
rent knob, the filament, when calibrated again, would be almost exactly 
what it had been. This is a handy fact to know in case the filament 
must be turned off. 
Factors Affecting the IE Curve Appearance 
The appearance (as opposed to the shape) of an IE curve is deter- 
mined by the fluctuations in the recorded ion current. These fluctua- 
tions can usually be traced to low sample pressures or instrumental noise. 
At sample pressures which require less than 1 X 1 analog sensitivity, 
fluctuations began to be a problem. The noisiest instrumental effect 
(especially when the multiplier glass is dirty) is the multiplier volt- 
age. Using the lowest multiplier voltage setting (1) and high recorder 
gain settings produced the optimum s ignal/noise ratio. These fluctuations 
can be damped by using higher analog time constants but only at the ex- 
pense of signal response time. 
Procedure and Verification of IP Methods 
In all IP and AP measurements in this work, the sample and cali- 
brating gases were simultaneously present or injected into the ion source. 
Initially, the IP of the calibrating gas was measured, followed by mea- 
suring the IP of the sample gas, and then followed in turn by an IP 
recheck of the calibrating gas. As time progressed, experience proved 
that sometimes the check IP was not needed and, occasionally, one cali- 
bration curve was used to calibrate a number of ions. 
Table 15, Verification of Techniques for Measuring Ionization 
and Appearance Potentials (eV) 
Linear Match Initial Break Semilog Match 
Ionization (exp . - ( exp  . - (exp , - 
Process Lit, IP lit,) IP lit,) IP lit,) 
Semilog Match 
Although not necessary, most of the semilog data i n  t h i s  work were 
normalized exactly.  The procedure consisted of adjusting t he  sample and 
ca l ib ra t ing  gas i n t ens i t i e s  t o  be equal over the f i r s t  few vo l t s  of the  
I E  curve. Then t he  ion i n t e n s i t i e s  were recorded on the  Visicorder a t  
e lect ron energy in te rva l s  of 0.2 eV from the  i n i t i a l  onset upwardly f o r  
about three  t o  four vo l t s .  Repeating t he  procedure back down t o  the  
i n i t i a l  onset gave a check on t he  data  t o  (1) eliminate random e r ro r s  
and (2) observe whether the  sample pressure was changing. This procedure 
takes about one hour, and it was q u i t e  common f o r  the sample pressure 
t o  have d r i f t e d  requiring t h a t  the  ca l ib ra t ion  be repeated. Fluctuations 
i n  the  flow r a t e  of the  ca l ib ra t ing  gas and f luctuat ions  i n  the  sample 
vapor pressure due t o  temperature changes l ed  t o  the development of 
f a s t e r  methods of measuring I P  using t h e  X-Y recorder. Figure 17 ver i -  
f i e s  t he  semilog match technique by ca l ib ra t ing  water versus argon and 
includes a curve t o  display the  e f f ec t  of ions formed a t  the  filament 
surface di f fus ing i n to  the  ionizat ion region. This diffusion,  although 
disconcerting, does not prevent t he  I E  curves from being accurately de- 
termined and can be removed by lower sample pressures. Table 15 shows 
ve r i f i c a t i on  r e s u l t s  using t h e  semilog match, l i nea r  match, and i n i t i a l  
breaks methods along with the  accepted l i t e r a t u r e  values. 
Linear Match and I n i t i a l  Break Methods--Adaptation of t he  X-Y Recorder 
The procedure consisted of f i r s t  measuring t he  I E  curve over a 
large  e lec t ron  energy range (see  Figure 19) t o  see what type of curve 
t he  par t i cu la r  ion possessed. From t h i s ,  it was decided which I P  method 
+ + 
t o  use. For example, Figure 19 shows t h a t  cy-C H and H20 have the  3 6 
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Figure 16. Verification of Linear Match I P  Technique 
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Figure 19. I E  Curves f o r  Long-Tail Ions a t  High El-ectron Energies 
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Figure 20. IE Curves for Long-Tail Ions at Low Electron Energies 
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Figure 21. I n i t i a l  Break I E  Data f o r  Long-Tail Ions 
"standard" type curves and any method of I P  measurement can be Lzsed. 
+ The C H ions from cy-C H and cy-C H have t a i l s  of 10 eV or  so, and 2 2 3 6 3 4 
an I E  method which separates the  processes must be used. 
The procedure f o r  obtaining a l i nea r  match I P  was t o  record on 
the  X-Y p l o t t e r  the  unknown ion IE curve from the  point  of i n i t i a l  onset 
u n t i l  a few vo l t s  i n to  the  l i n e a r  region such as shown i n  Figure 16. 
The ca l ib ra t ing  gas I E  curve was then adjusted e i t h e r  by varying the  
sample flow r a t e  o r  e lec t ron ica l ly  t o  give exact ly  t he  same IE curve 
shape. By placing a second sheet of X-Y recording paper over the  one 
containing the  sample I E  curve, the  ca l ib ra t ion  I E  curve could be drawn 
over the  sample curve. The difference i n  I P  was then t he  s h i f t  i n  e lect ron 
energy (EE) necessary t o  match t he  curves. A smoothly drawn I E  curve 
was best  obtained with time constants g rea te r  than 0 . 1  but a f a s t  enough 
response t o  changes i n  EE required time constants l e s s  than 0.1. Thus 
an optimum time constant of 0 .1  was used t h a t  allowed f a i r l y  smooth (no 
f luctuat ions)  I E  curves t o  be drawn with a f a s t  enough response t o  
changes i n  EE so t h a t  the  matching curve could be drawn quickly ( f i ve  
minutes) by increasing and decreasing the EE. Since detecting the  point  
of i n i t i a l  onset of t he  ion current  i n  the  " i n i t i a l  breaks" method de- 
pends on the  appearance of the  I E  curve, most a l l  I E  measurements of 
ions t h a t  had standard shapes were normalized by approximately adjusting 
t h e  sample source pressures.  The point  of i n i t i a l  onset i s  most e a s i l y  
detected when: the  I E  curve approaches the  energy axis  with a steep 
slope; the  X-Y recorder has no zero d r i f t ;  and there  i s  a minimum of 
noise. These conditions were best  met using: ion i n t ens i t i e s  a t  70 eV 
of 1 X 1 t o  10 X 1; 1 X 1 analog s e n s i t i v i t y  f o r  the  IP  measurement; 
0.1 time constant; maximum mul t ip l i e r  gain; minimum mult ip l ier  voltage 
(1) ; recorder e lect ron energy s e n s i t i v i t y  of 0.5 volt/inch; recorder ion 
i n t ens i t y  s e n s i t i v i t y  of 0.05 volt / inch and 0.125 microamps t r ap  current .  
An example of t h i s  type curve i s  shown i n  Figure 18. 
The method of i n i t i a l  breaks was used t o  measure t he  AP of long- 
+ 
t a i l  fragment ions. The i n i t i a l  por t ion of t he  I E  curves of H20 and 
+ C H previously discussed i n  Figure 19 a re  shown i n  Figure 20. The long 2 2 
-!- 
t a i l s  begin t o  show a d i s t i nc t i on  as C H from cy-C H approaches t he  2 2 3 6 
+ 
energy axis  with much more curvature than does C2H2 from cy-C H After 3 4' 
+ + 
normalizing H 0 and C2H2 from cy-C H a t  70 eV, I P ' s  were measured by 2 3 6 
+ + i n i t i a l  breaks and yielded AP of C2H2 around 13.6 eV. Although C2H2 ap- 
proached the  energy axis  with curvature, it s t i l l  did not have t he  slope 
+ 
of the  H20 curve. 
As discussed previously, th ree  ways t o  adjust  t he  curves so t ha t  
+ 
they w i l l  match a re :  (1) increase the  C H ion i n t ens i t y  by increasing 2 2 
+ 
mult ipl ier  voltage o r  recorder gain; (2) decrease H20 in t ens i t y  by re -  
+ + 
corder gain; o r  (3) increase C H sample pressure o r  decrease H20 pres-  2 2 
sure.  The f i r s t  two change t he  appearance of the  curve while the  t h i r d  
i s  most e a s i l y  obtained by measuring t he  ca l ib ra t ing  gas a t  a number of 
+ 
source i n t e n s i t i e s  and finding t he  best  f i t  t o  the  C2H2 ion. Figure 21 
+ 
shows the  comparison of t he  i n i t i a l  breaks with H20 a t  10 times the  
+ 
source sample pressure as  C H It was possible t o  make the  I E  curves 2 2' 
approach t h e  energy axis s imi la r ly  by e lec t ron ica l ly  increasing the  ion  
+ + i n t ens i t y  of C H 10 times. This gave an AP f o r  C2H2 of 13.1 eV which 2 2 
i s  the  same as the  number obtained by RPD measurements. Of course, our 
method i s  more subjective but it i s  in te res t ing  t o  note t h a t  t h i s  method 
could produce an AP t h a t  did agree with RPD measured AP and a l so  t h a t  
t h i s  AP could be in terpreted and explained i n  the  energetics of cy-C H 3 6' 
+ + + Furthermore, C H from C H could not be made t o  match t he  H20 curve 2 2 3 4 
by any manner of e lect ronic  and/or pressure adjustment, and, most i n t e r -  
est ingly,  t h i s  AP as measured could not be in terpreted i n  t he  energetics 
Summary 
I 1  I 1  The r e su l t s  of the ve r i f i c a t i on  of the  "l inear match, i n i t i a l  
breaks," and "semilog match" a re  shown i n  Table 15. The most subjective 
of the  methods, " i n i t i a l  breaks, " was obtained fo r  qui te  a few compounds. 
From tabulated r e su l t s  it was concluded t h a t  t he  lack of precis ion i n  
t he  " i n i t i a l  break" and " l inear  match" methods could be overcome by more 
~easurements  on the  same number o r  t h a t  good agreement by two d i f fe ren t  
methods would confirm the  precision.  It was a lso  concluded t h a t  t he  
be s t  way t o  check the  precision of the  " i n i t i a l  break" method on long- 
t a i l  ions was t o  measure the  AP a t  d i f f e r en t  ion i n t ens i t i e s  as a precise  
r e s u l t  does not vary with in tens i ty .  With these I P  methods developed and 
the  i n t ens i t y  corrections of Table 14, one should be able t o  make shor t  
work of any unknown AP. 
Results f o r  Ring Molecules 
c~-C3H6 
The I P  and AP's from t h i s  work a re  l i s t e d  i n  Table 16 and are  
compared with avai lable  l i t e r a t u r e  values. There a re  many points of 
i n t e r e s t .  The I P  of the  parent mass 42 agrees with some l i t e r a t u r e  
values but  there  seems t o  be an abnormal spread i n  the  data  f o r  a parent 
Table 16, Resu l t s  f o r  Cyclopropane (eV) 
Experimental AP L i t e r a t u r e  AP 
Ion I n i t ,  I n i t .  
4 2 1 2-l(85) 10,5 
10 1 - 1 ( 7 5 ) ~  - 10.55 10.2 10.2 1 0 ~ 2 '  10,53 
l o  i - i ( s 5 j  18.7 
T ~ e f e r  t o  Table 14 
b. Normalized i o n  and c a l i b r a t i n g  gases  t o  be of equal  i n t e n s i t i e s  
a t  70 eV o r  a t  t h e  disappearance poten t ia l (DP)  
c. Best value-r.efer t o  Table. 4 
ion compared t o  the  r e l i a b i l i t y  of other e lect ron impact data on parent 
ions.  The AP of mass 28 i s  complicated by the  presence of background 
N2 (IP = 15*5 e ~ ) .  Since t he  AP of mass 28 i s  lower than N2, t he  mea- 
surement of the  AP i s  bas ica l ly  the  same as handling long- ta i l  ions. 
The procedure i s  t o  e lec t ron ica l ly  adjust  the  i n i t i a l  port ion of t he  
curves t o  approach t he  energy axis  s imilar ly .  The experimental data 
bear out  t h i s  in te rpre ta t ion  as a t  higher sample pressures the  contribu- 
t i o n  t o  mass 28 from background N2 becomes negligible,  t he  I E  curves 
overlap, and the  AP a re  t he  same as e lec t ron ica l ly  adjust ing a t  lower 
sample pressures. Masses 27 and 26 both exhibi t  l ong - t a i l  I E  curves and 
note t ha t ,  i n  general, as  t h e  sample pressure i s  increased, the  AP de- 
creases. This i s  t he  d i r ec t  r e s u l t  of t ry ing  t o  compare two curves 
which approach the  energy axis  d i f ferent ly .  When the  curves were elec- 
t r on i ca l l y  adjusted t o  match, t he  AP compared very wel l  with RPD data. 
For a l l  AP of ions which may not approach t he  axis  with the  same curva- 
tu re ,  the  most obvious ve r i f i c a t i on  of precision i s  t o  measure t he  AP 
at  various ion i n t ens i t i e s .  Also note t h a t  other workers26 t r i e d  t o  
use t he  l i nea r  extrapolation method f o r  AP and t he  r e s u l t s  were e r rors  
a s  l a rge  as four eV! The AP of mass 15 was unobtainable because the 
long t a i l  was too shallow f o r  t he  e lect ronic  adjustment t o  match t he  
ca l ib ra t ing  gas. The AP of mass 14 i s  tho-ht t o  be a r e l i ab l e  number 
because of t he  l i t t l e  change with i n t ens i t y  and agreement with t he  
l i a t e r a t u r e ,  The invest igat ion of cy-C H provided a good exercise i n  3 6 
measuring AP's of l ong - t a i l  ions.  The I P  of mass 26 has previously 
been shown i n  Figure 21. 
Obtaiging toe  APk ,of t k e  fragmects of p-sducts m/e 56 and 70 a t  
-90' and -TOu was dcne wioh great difPieuZty due t o  interference prob- 
lems of every nature. Although e.thylene..aLd kete~re  were apparently com- 
p l e t e ly  removed from Ske cyc1i:propanone specr,r-xn by low temperature 
separatin,a, cyclobuta:~l,ze was not. Alt*?o~1gk 'I9ere was no interference 
problem i r i  obtaining the  AP o f  m/e 28, wh-se abundance i s  very l a rge  
from product m/e 56 and very small r"r~~rn priiduct m/e 70, there  was some 
problem i n  ~ ( 4 2 ) ;  small from m/e 56 and l u g e  from m/e 70. As it tu rns  
out, ~ ~ ( 4 2 )  f r m  56 i s  ab2ut8 1.0 eV lower than from m/e 70, so a method 
t h a t  emphasizes t h e  i n i t i a l  port ion of the  curve should be used, I n  
l a t e r  experimesz"cs, the  i uL i t i a l  breaks metktqd was used, The i n t ens i t y  
oT product9 m/e 56 spectrum could a_o& be ra i sed  by warming (due t o  the  
increased presence of pr.oducrt m/e 70) and, as s u ~ 3 ~  the amount of back- 
grouad N was suff ic ient*  tt; i n t e r f e r e  with t h e  ~ ~ ( 2 8 ) ~  This problem was 2 
a l so  cverco-ae by t he  me-5hod of i r i t i a l  breaks. Similarly, ions from 
m/e 56 iziterfered with AP's of p ~ , , ~ d u c ~ t  m/e 70. Although theye was no 
problem f o r  ~ ~ ( 4 2 )  w b s e  abu_n_da_ice i s  large  fjocrri 70 and small from 56, 
the re  was a problem ic ~ ~ ( 2 8 )  wk-iek was m a l l  from 70 and very la rge  
from I n  f a c t ,  the  valae measuree a t  -70" o f  1 0 ~ 8  eV i s  c loser  t o  
~ ( 2 8 )  = 10.2 eV fr l  m 56 thar- ~ ( 2 8 )  - 13.0 el/ fram 70. Besides these  
problems, mass 56 caused a s r - i f t  5,:- t l e  e l e ~ . t - ~ n  e ergy scale of ace 
to two eV during t h e  c ~ ~ u r s e  of arb expeu.;merbs and, f u r t h e m ~ r e ,  gave a 
* 
small peak a t  mass 40 which i i ~ t e r f e szd  wikh the argon cal ik~at isng gas 
* 
This shif ;  in eV scale  acd -rye 8-ccuArence of a m/e afu 40 may 
have been the  same problem, 
ELECTRON ENERGY (eV) 
Figure 22. Semilog IE Data for Cyclobutanone at -82' and Product Mass 70 at -75' 
ELECTRON ENERGY (eV) 
Figure 23. Semilog IE Data for Product Masses 70 and 56 at Low Temperatures 
(Mass 70 Shifted Dolam 0.4 Volts) 
I 
mass 70 --C mass 42 
+- initial break eV 
1 2 3 
RELATIVE ELECTRON ENERGY (eV) 
Figure 24. I n i t i a l  Break I E  Data f o r  Masses 70 and 42 from Cyclobutanone 
and Product Mass 70 a t  Room Temperature 

Figure 26. Exmples of IE Interference Problems i n  Cyclopropanone Experiments 
ELECTRON ENERGY (eV) 
Table 17. Low Temperature Semilog I E  Resu l t s  f o r  t h e  
Cyelspropanone System 
Ion  m s  IP  o r  AP PE Curve Best Value 
-94 9.3 good 
' 0 . 4 ~ 1 ( 7 0 ) ~  good 
-75 9.5 f a i r  
' 0.6(I(70)b f a i r  
-87 0.3<1(70) f a i r  
-93 9.3-,9.6 f a i r  
0.3"1(70) f a i r  9.2 
42 j10.7 f a f  r 
Product 70 -60 9.6 good 
Mass 70 -75 9.8 good 
-75 9,3 f a i r  
-95 1 1 , O  poor 
2 8 -75 
. . . . .  . 
-75 PO. 0 very  poor 
9.3  good 
9.3-9.8 f a i r  
-82 9,6 good 9,6 
42 -55 11.5 poor 
%0,6 f a i r  
-70 10.6 poor 
-82 10.6 f a i r  10.6 
React ion 28 -145 10.1 f a i r  
Off Gas 10.8 f a i r  
:e and 
match wi th  c a l i b r a t i n g  gas  curve,  
b. A sma l l  fragment peak a t  m/e 40 from cy-C H 0 made ca l -  
i b r a t i o n  ve r sus  argon(m/e 40) u n r e l i a b l e  21-12 cy-C H 0 
(m/e 56) was a l s o  c a l i b r a t e d  ve r sus  cy-C H O(m/e 909 
6. Refer  t o  Table 1 4 6 
Table  18. Room Temperakure I n i t i a l  Break IE R e s u l t s  f o r  
t h e  Cyclopropanone System 
Ion  Ion IP  o r  AP IE Curve Best Value 
b a P a r e n t  Mass I n t e n s i t y  e V  Q u a l i t y  e V  
Produc t  56 O,lx4-l(85) 9.1 f a i r  
Mass 56 0,1~2-1(65) 9.2 good 
0,1X2-% (75) 9.0 poor 9.1 
42 -0- f a i r  
1x1-l(30) 9,8 good 
1x2-6 (65) 10,l good 9,9 
- -. 
28 
- 
1x1-l(40) 10.1 poor  
1 XI-1 (50) 11,6 poor 
10x2-l(100) 10.4 poor  10.2 
2 7 )e8 f a i r  
1 xl-l(l0) 12,9 good 12,9 
2 6 - x i  P3,8 f a i r  
a 13.2 poor  13,5 
14 0,1~2-l(60) 11,6 poor  
10x1-l(70) 11.0 f a i r  
b ,  R e f e r  t o  Tab le  14 
( see  Figure 26) .  Since hydrocarbon molecules do not produce m/e 18 upon 
fragmentation, the  cal ibra t ion problem was solved i n  l a t e r  experimerlts 
by using water as the  ca l ib ra t ion  gas.  More consistent  r e su l t s  were ob- 
ta ined by ca l ib ra t ing  the  AP of masses 56, 42, and 28 versus 56 and 70, 
42, and 28 versus 70. Since the  r e l a t i on  of 1(56) t o  1(70) was a f a i r l y  
consistent  determination, mass 70 was cal ibra ted versus the  standard, 
which thus determined a l l  the  other APs. These low temperature, semilog 
r e su l t s  a re  shown i n  Figures 22 and 23 and are  collected i n  Table 17,  
The room temperature measurements using the  i n i t i a l  breaks tech- 
nique and water as  a standard are  shown i n  Figures 24 and 25 and a re  
col lected i n  Table 18. 
The I P  and AP r e su l t s  f o r  cyclopropene are  given i n  Table 19. 
The I P  of the  parent was measured a number of times a t  various tempera- 
tures  and the  r e su l t s  ranged from 9.4 t o  10.0 eV. Excluding t he  data 
from the  l i n e a r  match method ( the  most inaccurate of the  methods), the  
range was from 9.4 t o  9.8 eV. Figure 27 compares a semilog match IP  
a t  -150" with a higher temperature (-140°), higher i n t ens i t y  IP  both 
taken with t he  low t em~era t~u re  i n l e t  system. The curves f o r  both IE ap- 
pear f a i r l y  smooth but the IP  a t  t he  lower ir i tensity i s  0.3 eV higher 
than t h e  high i n t ens i t y  IP.  I n  cases l i k e  these, the  high in tens i t -y  I P  
with l e s s  sca t te red  data and a, steeper,  mere ea s i l y  aligned, semilog I E  
curve was chosen t o  be the  more ac@ura.te number. Consideration of a l l  
the  data obtained and IP  methods used has l ed  t o  9.6-9.7 eV as  the  best  
value fo r  the  ~ ~ ( c y - c  K ) This best  value i s  about 0.3 eV lower than the  3 4 
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T = -150 O 
SENS. 1fi-1 
cy-C3H4 (SHIFTED +2.8 eV 
IP-12.6-2.8=9.8 eV) 
A WATER 
ELECTRON ENERGY (eV) 
Figure 27. Semilog IE Data for Cyclopropene at Low Temperatures 
RELATIVE ELECTRON ENERGY (eV) 
Figure 28. I n i t i a l  Break I E  Data f o r  Cyclopropene a t  Room Temperature 
Table 20. Comparisons of Linear  I E  Curve shapesa 
of Cyclopropene Fragment Ions 
Ion Mass 
Ion I E  Curve 
t a i l  l i n e a r  s l o p e  a t  
l eng th  length  energy a x i s  
AeV AeV AeVlAI 
(water) 4.0 
(molecular ion)  4,O 
3.2 
10,o 
( p a r t l y  N 2 )  3.7 
6.0 
7.0 
8.0 
7.0 
8,O 
a. normalized a t  70 eV 
3 l i t e r a t u r e  value of 9.95 eV which was obtained by a semilog method. 
This difference i s  reasonable i n  view of the  amount of s c a t t e r  i n  the  I P  
measured and, i n  general, t he  poor agreement among workers on IP. Mass 
39 ( C  H') was usually cal ibra ted against  mass 40 and the  agreement among 3 3 
f 
t h e  s e r i e s  of measurements was excel lent .  A(c  H ) was invar iably  mea- 3 3 
+ 
sured t o  be 1.2 eV higher than I ( C  H ) .  ~ i ~ u r e  28 shows t he  i n i t i a l  3 4 
break behavior f o r  masses 39 and 40 a t  room temperature. Ion mass 28 
was of such low abundance t h a t  the  in terference e f f ec t  of N could not 2 
+ be s a t i s f a c t o r i l y  removed and thus no value f o r  A ( c  H ) i s  reported. The 2 4 
remaining ions (masses 27, 26, 15, 14, and 13) were a l l  produced i n  low 
abundances (< 6.0 percent) and a l l  exhibi t  shallow, long- ta i l ,  I E  curves. 
Figure 20 shows a t yp i ca l  curve of the  group, m/e 26, compared t o  water. 
Table 20 contains some semi-quantitative data  which describe t h e  shapes 
of the  I E  curves of these  l ong - t a i l  ions.  The lengths of t he  curved 
t a i l  and l i nea r  regions are  l i s t e d  as  A eV. Also l i s t e d  i s  t he  average 
slope of the  I E  curve as  it approaches the  energy axis  over the  f i r s t  
vo l t .  This gives some idea as  t o  the  nature of the  curve shapes. Not 
only did  the  fragment ions have shallow curves but they a l so  had some 
in t e r f e r i ng  ion contributions from impurit ies as discussed i n  Chapter 
111. The background i n t e n s i t i e s  and approximate AP of the  ion masses 
were checked before the  cyclopropene experiment. The background ions 
were present i n  very small amounts and the  AP were somewhat above what 
was measured during the  experiment. Thus it was concluded t h a t  m/e 27, 
26, 15, 14, and 13  were not from any background but from the  sample t h a t  
was introduced. The AP of m/e 42 and 41 were a t  l e a s t  three  eV greater  
than m/e 40 and two eV greater  than m/e 39, so there  i s  no p o s s i b i l i t y  
of fragments from 42 interfering from the energy measurement on m/e 40 
and 39. Although the semilog match IE curves for the low abundance 
fragment ion C ~ H ~  did not exhibit extremely poor curve shapes and 
although these curves matched fairly well with the standard curves, no 
consistency was obtained from sample to sample. These resul-ks indicated 
the folly of trying to measure the AP of a low intensity ion especially 
when it may be formed from more than one source, As a result, no value 
+ is given for A(C H ) from cy-C H To a lesser degree, the same con- 2 2 3 4' 
siderations hold for the remaining low abundance ions and only a value 
for the upper limit of the AP is given. 
APPENDIX C 
EXCESS ErnRGIES 
As discussed previously, the  development of t h e  molecular 
energetics of a system involving fragment ions and neutra ls  which possess 
excess e lect ronic  o r  excess t ransla t ional ,  e ro ta t iona l ,  F and vibra- t9 r9 
t iona l ,  e energy i s  meaningless without- a quan t i t a t ive  measurement of 
v ) 
* - 
the  e lec t ron ic  energy and the  sum I E  + 5 + I n  view of the  
= e t  r 
amounts of excess energy i n  the  ions of cyclopropane and the  iilsonsis- 
tencies  i n  energetics of t he  other  cycl ic  compounds investigated i n  our 
work, an invest igat ion of the  excess energies of the  ion fragments of 
the  r ing systems of cyclopropanone, cyclopropene, and cyclobutanone 
should lead t o  a b e t t e r  understanding of these systems. This appendix 
i s  devoted t o  the  development of the experimental methods and of the  
r e su l t s  from t h i s  excess energy investigation.  
Introduction 
The l i t e r a t u r e  abounds with examples of fragmentations t h a t  can- 
t a i n  excess energy. I n  general, t he  parent molecular ion contains no 
excess t r ans l a t i ona l  energy and l i t t l e  excess v ib ra t iona l  energy (< 0.2 
e ~ ) .  For fragment ions, however, the  probabi l i ty  of excess energies 
increases with the  number of bonds broken. Also, i f  the  decomposition 
of t he  parent molecular ion involves an ac t iva t ion  energy, t he  fragme9t.s 
w i l l  possess excess energies. From a study of para f f in  hydrocarbons, 
~ t e v e n s o n l ' ~  observed t ha t ,  f o r  a molecule R1R2 i n  which I ( R ~ )  6 I(R~), 
+ 
the process R R 1 2  R + R will occur in such a way that R' + R are 1 2  1 2  
+ in their ground states. On the other hand, the process involving R will 2 
usually occur with the appearance of excess energy in any possible form. 
This excitation can also lead to the further fragmentation of the neutral 
fragment and, in the end, the excitation energy is found as the bond 
strength of this further fragmentation. This observation, "stevenson's 
Rule, 112 suggests that at least half of the total possible fragmentation 
processes will involve excitation problems. In a study of small hydro- 
carbon molecules (i. e., methane, ethane, propane, ethylene, propene, 
etc.), TaubertY4 found that at 70 eV all fragments possessed some excess 
translational energy. He found that: ions formed by breaking a single 
C-C bond have low initial energy while ions which can be formed by 
splitting two C-C bonds have high initial energy; the amount of energy 
increases with the number of bonds broken; and normally a more abundant 
fragment ion has less kinetic energy and vice versa. These findings 
indicate a high probability of excess energy in the fragmentation of 
cyclic compounds which (a) must involve the breaking of two C-C bonds 
and (b) usually produces ions of low abundance. 
Two types of methods are used to detect and measure kinetic energy 
of the fragment ions: those involving the use of retarding potentials 
in the ion source and those based on the focusing properties of ions 
formed with translational energy. These methods were developed for 
either conventional magnetic mass spectrometers or for specially designed 
instruments. Recently, Frankline8 has developed a technique by which 
these measurements can be made with a time-of-flight mass spectrometero 
* 
More significantly, he has correlated the total excess energy E with 
the experimentally measured excess translational energy of the fragmen- 
- 
tation, 1 
e t ~  ' 
This correlation considers the fragmentation process as basically a ki- 
netic problem and thereby relates the energetic quantities using this 
empirical equation whose form is suggested by previous correlations of 
kinetic data. The energetic quantities are related by the arbitrary 
parameter K which is shown (see following section) to be approximately 
the same for a large number of fragmentation processes involving a varied 
array of molecules with a variable number of classical oscillators, N. 
We wanted to apply this correlation to rectify inconsistent ther- 
mochemical data derived from experimental ms measurements. Assuming 
that the inconsistencies were attributable to excess energies (electronic 
* * 
or E ), we proposed to use the correlation to predict E from measure- 
ments of F To do this, we had to assume that the empirical parameter t' 
was constant at the average value of 0.44 and applicable to the ring 
molecules to be studied. Because of the possible occurrence of excess 
electronic energy, this correlation should not be used blindly. In 
* 
this appendix we have attempted to put the E problem on a sounder basis 
* 
by calculating E from the t,hermodynamic properties of the gaseous mole- 
cules, ions, and fragments at an elevated, hypothetical temperature 
(T~) associated with the T measurements. We proposed to determine t 
whether the fragmentation process was basically a thermodynamic rather 
than a kinetic problem and hence allow a more fundamental, more precise, 
thermodynamic treatment. These explorat,ory calculations were also done 
* 
to evaluate the thermodynamic reasonableness of the assigried E quant-9,- 
ties which, once ascertained for a given fragmentation, would allow a 
discussion of the possibility of excess electronic energies and provide 
a basis for a critical analysis of the experimental data. For example, 
x 
from the experimental E data on a particular molecule, one could calcu- 
late and study the variance of with temperature and therefrom ascer- 
v 
tain the precision and reliability of the e~perirnent~al measurements. 
Approximate thermodynamic calculations were also made to point out the 
nature of the approximations that would necessarily have to be used for 
molecules for which no thermodynamic property measurements were avail- 
able. 
Correlation of Excess Energies 
Theory 
+ 
For the process, R R + e- --+ R + R + 2e-, the difference be- 1 2  1 2  
tween the measured experimental appearance potential of a fragment ion 
+ 
and the ground state heat of reaction at 2 5 ' ~ ~  A(R~) - Wr is defined 
JC 
by ~ranklin' to be the excess energy, E , of the decomposition as: 
For a diatomic molecule, this excess energy is equal to the sum of the 
translational energies of the fragments and is explained by noting that 
the Frank-Condon region is entirely above the decomposition asymtope. 
For polyatomic molecules, part of the excess energy may now survive in 
the internal vibrational modes of the products. The fraction depends 
on the potential energy surface of the activated complex, which is com- 
pletely unknown. This lack of knowledge of potential-energy surfaces 
has been circumvented by t r ea t i ng  complex molecules as  a col lect ion of 
simple harmonic o sc i l l a t o r s .  To apply t h i s  theory t o  the calcula t ion of 
l 
excess energies, Franklin neglects r o t a t i ona l  energy and s e t s  t h e  ex- 
cess energy equal t o  the  v i b r a t i o n a l e  and t rans la t iona l  energies F of 
v t 
* - 
the  react ion coordinate, E = e + e 
v t e  Assuming t he  activated complex 
and the  products t o  have the  same ground s t a t e  energies and neglecting 
any ac t iva t ion  energy i n  t he  reverse di rect ion,  the  t r ans l a t i ona l  energy 
- 
e i n  the  react ion coordinate i n  the  act ivated complex becomes the  t rans -  t 
l a t i o n a l  energy observed i n  the  dissocia t ion products. The calcula t ion 
of z' becomes the problem of calcula t ing the  d i s t r ibu t ion  of v ib ra t iona l  t 
energy among a col lect ion of N osc i l l a to r s  i n  t he  parent molecular ion 
* * 
whose t o t a l  excess energy i s  E . The c l a s s i c a l  r e s u l t  i s  e = E /N. Be- t 
cause r a t e  constants f o r  mimolecular d issocia t ions  calculated using the  
c l a s s i c a l  enumeration of s t a t e s  w i l l  f i t  experimental data only when t he  
number of o sc i l l a t o r s  used i s  on the  order of N/2, Franklin suggests 
t h a t  e be approximated by t 
where = i s  an a rb i t r a ry  parameter. 
Method 
The t r ans l a t i ona l  energy of t-he fragment ion, 75 i s  rneasured b y  i 
the  technique discussed l a t e r  i n  t h i s  appendix, From t h i s  measured 
value of F the  t o t a l  excess t r ans l a t i ona l  energy of the  dissocfa'5iofi i9 
products i s  obtained by subtracting the  thermal motion of the  parent 
ion, 3 / 2 k ~ ,  and using the  conservation of l i n e a r  momentum t o  get  the  
t r ans l a t i ona l  energy of the  products i n  the  s ta t ionary  center-of-mass 
frame of reference. This re la t ion  may be deduced by s t a r t i n g  with the  
l i nea r  ve loc i t i es  i n  the  X d i rect ion,  Vx. By conservation of l i nea r  
momentum 
where Mi, Mn, and M are  the  masses of t he  ion, neutra l ,  and parent 
P 
molecular ion act ivated complex, respectively.  Assuming the  center of 
mass a t  r e s t  
Assuming t h i s  t o  hold on the  average and i n  th ree  dimensions 
so t h a t  
I s t a t ionary  
i s  the  r e s u l t  f o r  a s ta t ionary  center-of-mass system. Note t h a t  the  
parent molecule may i t s e l f  have a thermal motion which would impart an 
energy t o  the  ion fragment. Dis t r ibut ing the  thermal motion of t he  parent 
molecule in to  the  neutra l  and ion groups t o  be gives:  
so t h a t  
1 thermal 
i s  the  contribution from the  thermal motion of t,he parent,. The observed 
t r ans l a t i ona l  energy of the  fragment ion i s  then the  sum of these twc: 
contributions and thus 
where E i s  the  experimentally measured t r ans l a t i ona l  energy of t he  f m g -  i 
- - 
e = e  i i 
ment ion and e i s  the  excess t r ans l a t i ona l  energy of the  ion plus neu- t 
t r a l  (o r  molecular ion) as  produced only from the co l l i s i on  of t he  parent, 
- 
+ e i 
thermal 
molecule and the  electron.  From appearance po ten t ia l  and -6 measurements i 
s ta t ionary  
and @' calculated from the  heats of formation of the  ions, Franklin 1 
* - 
calculated E , et, and a from equations 9, 10, and 8, respectively,  and. 
h i s  r e su l t s  are  l i s t e d  i n  Table 21. 
Discuss ion 
The reactions studied by Franklini represented a broad spectrum 
of s t ructure ,  o sc i l l a t o r s ,  and excess energies.  Only K from react ion 11 
departs rad ica l ly  from the  others and t h i s  was brought i n to  b e t t e r  agree- 
+ 
ment by using the  f i r s t  excited s t a t e  of CH The average value of K i s  2"  
0.44 which i s  i n  good agreement. with t he  r e s u l t s  from calcula t ing r a t e  
constants using the  c l a s s i ca l  counting of s t a t e s .  
1 Franklin a,lso t r i e d  t o  use a b e t t e r  approximation of the  number 
of o sc i l l a t o r s ,  t h a t  given by Rabinovitch and ~iesen,"' but he obtained 
poorer corre la t ions  with the  excess experimental energiesa 
Table 21. Calculations with I, i teraturel Excess Energy Data 
1 Literature  Data Tenip . -" K T 
No. Process 
mJTP ( l i t . 7 3 ~ ' ~ ~ )  
rt 
P rt P R; R~ R++R 1 2 1 2  R - R ~  
10  CH CNPCH~ + HCN 344 361 17 2.8 0.50 930 1230 9.2 10.4 19.6 3 
1 tab le  column 2 3  4 5 6  7 8 9 10 11 12 
t e x t  equation 11 9 10 8 13 14 15 
Table 21. Calculations v i t h  ~ i t e r a t u r e l  Excess IEnergy D l t a  (Concluded) A E I T ~  L i t e r a t u r e  73,104 Approximations 
- * - 
- max 
Trt Cv (Tp) F ( y p )  Cv CV(Trt) Cv(Tp) Cv(Trt) C;=(T~) Cv No. 
R: R~ R:+R~ R~-R:  R -R R ~ - R ~  R ~ - R ~  R -R R ~ - R ~  R~-R:  R~-R: R ~ - R ;  dax 
Note: A l l  ene rge t i c  values a r e  i n  kcal/mole except C which i s  i n  cal/mole. 
v 
Thermodvnamic Calculations 
We have attempted t o  cor re la te  t he  data reported by Franklin on 
the  bas i s  of i n t e rna l  energy changes a t  the  temperature of t he  fragmen- 
t a t i o n  assuming t h a t  the molecular ion act ivated complex o r  fragment ion 
o sc i l l a t o r s  reach equilibrium before molecular ion decomposition o r  
fragment ion analysis .  Franklin has assumed t h a t  the  heat of reaction 
calculated a t  298"~ should be equal t o  the  AP of the  fragmentation with 
no excess energy. A more exact statement would be t o  calcula te  t he  AP 
as t he  change i n  i n t e rna l  energy of the  reaction a t  298"~ because t h i s  
would seem t o  be te r  describe the  ac tua l  ionizat ion taking place i n  the 
source of the  mass spectrometer. However, when %he react ion takes place 
a t  room temperature, the  e f f ec t  of replacing E f o r  an i dea l  gas with H 
* 
i s  t o  introduce an e r ro r  l e s s  than a kca l  and t he  equations a re :  
-- 
* 
Note t h a t :  
where 
The presence of excess energy can be handled by assuming an increase i n  
i n t e r n a l  energy i n  e i t h e r  the  fragment products or ,  a s  Franklin suggests, 
i n  the  act ivated complex before fragmentation. This i n t e r n a l  energy i s  
calcula ted a t  the  elevated temperature of t he  excess energy fragmenta- 
t ion ,  T where T i s  calcula ted from the  measurement of the  ion  t rans -  
P' P 
l a t i o n a l  energy, F We could calcula te  T from knowing -6' t h e  t o t a l  i ' P P ' 
t r an s l a t i ona l  energy of the  parent  molecular ion ac t iva ted  complex before 
fragmentation as :  
but since t h i s  t r an s l a t i ona l  -6' i s  equal t o  the  t r an s l a t i ona l  energy the  
P 
parent  had a t  2 9 8 " ~  before co l l i s i on  plus the  excess t ra .ns la t iona1 energy 
resu l t ing  from the  e lec t ron  co l l i s ion ,  we have 
where 
therefore ,  ( T  -T ) was calcula ted from F and T was calcula ted as 
P r t  t9 P 
( T  -T ) and T a r e  l i s t e d  i n  columns 7 and. 8 o f  Table 21. The equations 
P r t  P 
then become : 
where 
and 
where ?? a average C . 
V v 
AE for the species involved can be calculated if one knows the internal 
energy (E) or the heat capacity as a function of temperature over the 
range of temperatures in question. AE was calculated from the available 
literature values for W by the following reasoning: 
'(R -R+) 5 molecular ion activated complex. 1 2  
s ince  
f o r  an i d e a l  gas 
and 
Note t h a t  an assumed approximate equivalence of H and E i n  t h i s  case 
** 
would introduce a s ign i f ican t  e r r o r  a t  higher temperatures. AH and 
jc* ** 
AE* values f o r  the  ion , neutra l ,  sum of ion  and neutra l  and t h e  
** 
molecular ion appear i n  columns 9 and 13, 10 and 14, 11 and 15, and 
12 and 16, respectively.  Columns 11 and 12 and 15 and 16 a r e  t o  be com- 
rn in 
* '- P IP 
pared t o  E i n  column 4. Although nei ther  W I nor AE 1 consis- 
I Trt lTrt 
* 
t e n t l y  compare well  with the  experimentally derived E , the  comparisons 
a r e  s u f f i c i e n t l y  accurate i n  many cases such t h a t  the  difference may wel l  
jc 
be within the  precis ion of t he  E values. Assuming t h a t  the  precision 
jc 
of these E values i s  good, these calculations show t h a t  t he  cor re la t ion  
with the  k ine t i c  base appears t o  perform more s a t i s f a c t o r i l y  than t he  
thermodynamic calcula t ions .  However, we a re  not going t o  conclude 
whether o r  not the  thermodynamic approach i s  fundamentally incor rec t ,  
Furthe-more, these calculations reveal  t h a t  the  magnitudes of the  assigned 
exeess v ib ra t iona l  energies a re  thermodynamically reasonable and support 
the  proposal t ha t  the  excess energy i s  f omd  t o  be i n  the i n t e rna l  modes 
and not i n  excited e lect ronic  s t a t e .  
** 
The enthalpy change f o r  the  ion was taken t o  be the  same as the  
unionized species.  
* - * 
Knowing E , T and Trt, one can calculate C as 
p9 v 
These values are listed in column 17. Also shown is the actual cal- 
culated from literature 6h values as 
and a rough average of ?! calculated as 
v 
Assuming C is a steadily increasing function of temperature, one would 
v 
expect also to be a steadily increasing function of temperature as 
'rt 
- 
and, since T is fixed in these fragmentations, C should be a function 
rt v 
of T . Although data were available for only reactions 1 and 2 to verify 
P 
this trend in F(T ) we think itit is reasonable to assume it should hold 
P 
for reactions 3, 4, and 5 and 6 and 7. Assuming the data of Franklin 
* 
precise enough for analysis, the (T ) values calculated (equatiorl 17) 
P 
x. 
from the experimental E and shown in column 17 reveal that the expected 
t rend i s  almost never ver i f i ed .  From t h i s  calculat ion,  we would have 
t o  conclude t h a t  these data were e i t h e r  thermodynamically inconsistent  
o r  t ha t  the data of Franklin were too imprecise t o  be analyzed t h i s  way* 
I f  we assumed an imprecision i n  t he  data of Franklin as  high as + 25 per- 
cent, then reactions 1 and 2 and 6 and 7 a r e  within experimental e r ro r  
leaving only react ion 4, i t s e l f  a t  an extremely high and questionable 
temperature (4330"~) ,  on which t o  base our conclusions. I n  any event, 
it appears t h a t  the  precision and r e l i a b i l i t y  of t he  experimental data 
from Franklin 's  work o r  from t h i s  t he s i s  cannot be judged by t h i s  
- ++ 
Cy ( T ~ )  calculat ion.  
For molecules f o r  which nei ther  H nor C data nor v ib ra t iona l  
v 
frequencies from which one could calcula te  the  enthalpy data  were ava i l -  
able, one would have t o  make some gross approximations t o  determine t he  
* 
thermodynamic reasonableness of t he  experimental data. Since E cannot 
* 
be calculated precisely,  perhaps an upper l i m i t  on E would be of some 
value and we calculated an upper l i m i t ,  designated as A E ~ ~ ~ .  A t  room 
temperature and above the  heat  capacity w i l l  normally consis t  of t rans-  
l a t i o n a l  and ro t a t i ona l  contributions a t  t h e i r  c l a s s i ca l  values and a 
v ib ra t iona l  contribution whose magnitude varies with temperature as :  
C =  C + C  + C  
v v v v 
( t rans )  ( r o t )  (vib) 
C = 3 / 2 ~  + 3 / 2 ~  + Cv (nonlinear)  
v (21) 
( t r ans )  ( r o t )  (v ib)  
If we assume t h a t  no v ibra t iona l  modes a r e  act ive  a t  Trt but t h a t  a l l  
max 
a r e  act ive  a t  T we would calcula te  AE as :  
P' 
Cv (Tr t )  = 3/2R + 3/2R + 0 = 6 / 2 ~  = 3 R  
rnax 
C v (Tp) = 3/2R + 3/2R + ( 3 - 6 ) ~  
assuming 
then 
- rnax C = [C ( T  ) + cv(Trt)l/2 
v v P 
I f  we wanted t o  calcula te  T ~ * ( T  ) fo r  an analysis  of T ~ * ( T  ) variance 
P P 
- JC 3C 
with temperature, we would calcula te  Cv ( T  ) from knowing E as 
P 
This i s  the  same calcula t ion as equation 17 and we have shown t h a t  the  
- * 
variance of C with T does follow the  expected trend.  The r e l i a b i l i t y  
v P 
of ?vmax (equation 19') as  an average Tv can be judged by comparing t h i s  
type of average calculated from available thermodynamic C values i n  
v 
column 19 with t he  exact values i n  column 18. The approximate aver- 
age appears r e l i a b l e  enough t o  use with t he  gross approximation t ha t  C 
v 
i s  a t  i t s  c l a s s i ca l  l i m i t  a t  T . The calculations of A E ~ ~ ~  a re  shown i n  
P 
column 25 and a re  two t o  three  times greater  than the  experimentally de- 
X 
r ived E . I f  it were the  case tha,t t he  inconsistency i n  energetic cal -  
max 
culations involved an energy amount t ha t  was l e s s  than a AE as  cal -  
culated here, then we would recommend assuming t h i s  energy lay  i n  t he  
v ibra t iona l  modes and applying t he  k ine t i c  cor re la t ion  t o  calcula te  an 
x max 
E . However, i f  the  amount of energy were g rea te r  than a AE , we would 
propose t h a t  the  energetic discrepancy was of an e lect ronic  or  some other 
nature. 
I f  t he  assumption of obtaining equilibrium holds, then t h i s  prob- 
lem i s  a thermodynamic one and the  excess energies should be exactly 
calculable from the  thermodynamic proper t ies .  However, the  data  of 
Franklin do not seem precise  enough t o  t r e a t  the  matter precisely.  Also, 
t he  data  reported i n  t h i s  t he s i s  were judged t o  be even l e s s  precise  
X 
than the  data  of Franklin. Even i f  it were shown t h a t  E could be ca l -  
culated from T f o r  compounds with available Cv data, t h i s  calcula t ion 
P 
would be v i r t u a l l y  impossible f o r  unknown cryogenic molecules. For 
these  reasons: t he  lack of precision;  the  lack of avai lable  Cv data;  
the  d i f f i c u l t y  i n  in te rpre t ing  the  meaning of temperature of the  systems 
pa r t i c l e s ;  the tenuous assumption of a t t a in ing  equilibrium; and the  
equating of propert ies of t he  ion plus neu t ra l  t o  t he  parent, it was de- 
cided not t o  pursue the  matter any fur ther  and, t heo re t i c a l l y  unsatisfy- 
ing and for tu i tous  as it may seem, use the  cor re la t ion  of T - ~ * / 0 . 4 4  N t -  
given by Franklin. 1 
Measurement of F i 
Instrumental 
Data were obtained on a Bendix t ime-of-fl ight  mass spectrometer, 
model 12, with a ~14 -107  source and 110 cm d r i f t  tube. Using an analog 
scanning speed of one and a Honeywell Visicorder running a t  25 ine/min, 
enabled low8$ seconds of r e a l  time t o  be displayed on 1.28 inches of r e -  
corder paper. The highly responsive magnetic galvanometers and mirrored 
- 
$ See sect ion i n  t h i s  appendix  iscu cuss ion of Procedure." 
l i g h t  def lect ing recording mechanism of t he  Visicorder responded s a t i s -  
f a c t o r i l y  t o  a l l  but the  most e r r a t i c  s ignals .  The mechanical-electr ical  
response of a Hewlett-Packard model 7001X-Y recorder did  not record the  
ion  peak shapes as  well  as the  Visicorder did ,  
Fl ight  Times and Ionization 
The TOF mass spectrometer has three  p r inc ipa l  regions: an ioniza- 
t i o n  region, bounded normally by t h e  grounded backing p l a t e  and the  ion 
focus gr id;  an acceleration region, bounded by t he  ion  focus and t he  ion 
energy gr ids ;  and t he  d r i f t  tube, a f i e l d  f r e e  region extending t o  the  
ion co l lec to r .  A pulsed, collimated, e lect ron beam i s  d i rected through 
t h e  ionizat ion region p a r a l l e l  t o  t he  ion g r i d  and, upon co l l i s i on  with 
t h e  sample gas, produces pos i t ive  ions. After the  e lect ron pulse, a  
voltage pulse adjustable from 0-280 vo l t s  i s  applied t o  t he  ion focus 
g r id  creat ing an e l e c t r i c  f i e l d ,  ES, t o  draw the  ions i n t o  the  accelera- 
t i o n  region where a -3000 vo l t s  applied continuously t o  the  ion energy 
g r i d  accelera tes  t he  ions f o r  t h e i r  f l i g h t  down the  d r i f t  tube. I f  a l l  
t he  ions were formed with no ve loc i ty  along the  axis  of the  drift tube 
(X d i rec t ion)  and were a l l  located i n  a plane p a r a l l e l  t o  the  ion focus 
g r i d  a t  distance So from it, then a l l  ions of same mass t o  charge r a t i o  
(m/q) would a r r i ve  a t  the  co l lec to r  a t  t he  same time. Different  m/q 
would separate during the f l i g h t  and the  mass spectrum would consis t  of 
a s e r i e s  of l i n e s  corresponding t o  each m/q. As by t he  equation 
work = qES = &W 2 t 
Each mass of the  same charge accelerated 'through the  same distance,S,by 
t he  same f i e l d  strength,  E, receives the  same amount of k ine t i c  energy 
and thus the  a r r i v a l  time (time = [ length of f l i g h t  tube]/vt) a t  the  
co l lec to r  i s  d i r e c t l y  proportional t o  the  square root  of the  mass. Ac- 
t u a l l y  the  ions a re  formed over the  f i n i t e  thickness of the  e lect ron 
beam and with an i n i t i a l  veloci ty  i n  the  X d i rect ion which leads t o  
var ia t ions  i n  f l i g h t  times and causes each mass peak t o  broaden. The 
problems due t o  t h i s  i n i t i a l  posi t ion and i n i t i a l  ve loc i ty  a r e  referred 
t o  as space and energy resolution,  respectively.  
Space Resolution 
As shown by equation 23, ions fu r ther  away from the  ion focus g r id  
w i l l  be accelerated through a  l a rger  distance and hence w i l l  leave the  
accelera t ion region ( i . e .  en te r  t h e  d r i f t  tube) a f t e r  the  other  ions, but 
with a  l a rge r  veloci ty .  A t  some distance down t h e  d r i f t  tube, those 
f a s t e r  moving ions overtake and pass the  other slower ions. The basic 
p r inc ip le  of T-0°F mass spectrometry i s  t o  adjust  the  voltage of t he  
ion focus pulse so  t h a t  t h i s  merging occurs a t  the  ion  col lector .  A 
too high ion focus pulse causes premature passing; too low leads t o  no 
passing by the  time the  ions reach t he  co l lec to r ;  and both produce a  
d i s t r i bu t i on  of f l i g h t  times and a  consequential peak broadening. By 
careful  adjustment of the ion focus voltage, i. e. lffocusingl' the  ion 
beam, one can e f f ec t i ve ly  reduce peak broadening due t o  i n i t i a l  posit ion.  
Energy Resolution 
Consider t he  case of an ion formed with an i n i t i a l  ve loc i ty  V 
X 
i n  a  d i rec t ion  opposite t o  the  col lector .  It i s  f i r s t  decelerated by 
t he  e l e c t r i c  f i e l d  t o  r e s t  then accelerated back t o  o r ig ina l  pos i t ion  
and possesses a  ve loc i ty  equal i n  magnitude but d i rec t iona l ly  opposite 
t o  i t s  o r i g ina l  veloci ty .  Compared with the  ion whose o r ig ina l  veloci ty  
was equal but opposite it would therefore  a r r i ve  a t  t he  co l lec to r  a t  a  
time l a t e r  by the  deceleration and acceleration time; compared t o  the  
ion i n i t i a l l y  a t  r e s t ,  it would a r r i ve  l a t e r  by half  t h i s  amount. The 
accelera t ion and deceleration time a re  the  same and t h i s  time l ag  with 
reference t o  the  ion i n i t i a l l y  a t  r e s t ,  A t ,  can be derived as  follows: 
Let t ing S and Si represent the  t o t a l  distance t raveled and the  ins tan-  
taneous posi t ion anywhere along t he  path, respectively;  Assuming t he  ion 
has been decelerated t o  r e s t  and begins t o  re tu rn  t o  i t s  o r i g ina l  posi-  
t i on ;  S ta r t ing  from t h i s  point  of r e s t ,  we have: 
1 2  work = qES = MV xi i 
where 
now 
but 
s 0 
Note t h a t  the  f l i g h t  times a re  independent of any ve loc i t i es  i n  
the  -Y o r  Z d i rect ion.  I f  one knows the  probabi l i ty  d i s t r i bu t i on  f o r  the  
component of i n i t i a l  ve loc i ty  along the  d i rec t ion  of the  f l i g h t  tube 
f  ( v ~ ) ,  then the  p robabi l i ty  d i s t r i bu t i on  f o r  A t  and, hence, peak shape 
can be deduced. For example, consider ions with a  thermal energy d i s -  
t r ibu t ion .  Each of the  th ree  components of ve loc i ty  has a  Gaussian d i s -  
t r ibu t ion ,  e  . g., 
1 -1 2  2 
f ( ~  ) = ( A I T ~ )  exp ( - v ~ / A  ) X 
subs t i tu t ing :  
1 
one ge t s :  2  2  2  2 2  f ( ~ t / c )  = (AIT)' exp ( - ~ t  /B ) ; B = c A 
The function f (At)  would represent the  p robabi l i ty  t h a t  an ion of a  given 
m/q w i l l  have a  t o t a l  f l i g h t  time d i f fe r ing  by a  small amount A t  from the  
f l i g h t  time of an i den t i ca l  ion formed with zero t r ans l a t i ona l  energy o r  
no V component of veloci ty .  The ion peak corresponding t o  a  thermal 
X 
ion should then r e f l e c t  t he  shape of f (At )  versus A t  which, i n  turn,  i s  
t he  Gaussian shape of f(Vx) versus V . An experimental thermal ion peak 
X 
i s  compared t o  Gaussian f(V ) versus V i n  t h e  bottom r igh t  hand corner 
X X 
of Figure 29. Note the  excel lent  agreement except f o r  a  small i n s t ru -  
mental deviation on one s ide  of the  experimental curve. Also shown i s  
W1 - which i s  the  peak width when the  ion i n t ens i t y  has f a l l e n  t o  hal f  of 
2 
i t s  maximum value which can be shown t o  be: 
Knowing M, q, and E one could calcula te  T from a  measurement of W1. 
s  ' 2 
The i n i t i a l  t r ans l a t i ona l  energy of mass M i s  then 
Excess Energy Ions 
The d i s t r i bu t i on  of i n i t i a l  ve loc i t i es  of an ion produced by e lec-  
t r on  impact can vary from a narrow range t o  a wide range, depending on 
the  po t en t i a l  energy curves. 
I f  the  excess energy ion produced has a Gaussian d i s t r i bu t i on  of 
ve loc i t i es  one would observe the same shaped, but with increased half  
width, peak as  a room temperature thermal ion peak of t he  same mass. 
+ Figure 30 i s  an example of t h i s  as it compares the  peak widths of CH2 
from cyclopropane and cyclopropene. The excess energy peak would coincide 
with a room temperature thermal peak of a higher mass. This type of ex- 
cess energy i s  e a s i l y  in terpreted as being produced by an apparent in -  
crease i n  temperature of the ion, and i t s  temperature and e a re  i 
for th r igh t ly  calculated from equations 25 and 26. 
I f  t he  fragment ions a re  produced with an i n i t i a l  t r ans l a t i ona l  
energy over a very narrow range of ve loc i t i es ,  then the  resu l t ing  ion 
peak approaches a rectangular shape. 
The in te rpre ta t ion  of any peak shape d i f fe ren t  from the above two 
i s  d i f f i c u l t  t o  discuss i n  terms of the  i n i t i a l  veloci ty  d i s t r ibu t ion .  
For these peaks, as f o r  the  rectangular peaks, a measurement of the  peak 
width a t  t h e  base W gives the  maximum i n i t i a l  t r ans l a t i ona l  energy fo r  b 
t he  group of ions and not the  average. 
- e max - m(Pal2 
i = NO (~E~)~[w:/M] 
All of the ions possessing excess energy in this work were Gaussian in 
shape and hence equation 26 was used exclusively. 
Instrumental Ad.iustments Affecting Peak Sha~e 
Intensity Adjustments 
The instrumental adjustments that affect the intensity of the peak 
in a multiplicative manner did not significantly affect the peak shape. 
These include: the pressure of the gas in the source; the multiplier 
voltage; the analog sensitivity; and the Visicorder sensitivity. 
Focusing Adjustments 
All focusing adjustments affect the experimentally measured peak 
shape and must be adjusted properly if one is to obtain the correct peak 
shape. Both the horizontal and vertical deflection plates should be 
adjusted to give maximum peak heights. Adjustment to positions other 
than this causes the peaks to become highly unsymmetrical near the bases* 
This is perhaps due to some discrimination toward the ions with large 
translationa,l energies. During the measurements, the ion lens was not 
used. As discussed earlier, the ion focus voltage is adjusted to elimi- 
nate peak broadening due to variations in initial ion position by arrang- 
ing for these ions to reach the collector simultaneously. Figure 31 shows 
the effect of the ion focus voltage on peak width (by measuring w&) for 
2 
masses 4 and 266. As can be seen, small changes in ion focus voltage 
produce l i t t l e  change i n  the  peak width of mass 4 but l a rge r  changes i n  
mass 266. The accuracy a t  high masses becomes important when one needs 
t o  f i x  the  posi t ion of the  ca l ib ra t ing  curve r e l a t i ve  t o  the  theore t ica l  
curve as discussed i n  the  next section.  The adjustment of the  ion focus 
voltage can be accomplished i n  e i t he r  of two ways: (1) by measuring 
t he  voltage applied t o  the  ion focus g r id  o r  (2 )  v isual ly ,  by observing 
the  peaks on the  oscil loscope as one adjusts  the  ion focus voltage t o  
obta in  t he  t a l l e s t ,  t h ine s t  peaks. 
Detecting Adjustments 
When an ion packet f o r  a par t i cu la r  mass s t r i k e s  the  co l lec to r  
cathode, electrons are  e jected from i t s  surface and directed onto and 
down the  mul t ip l i e r  g lass  and subsequently onto the  oscilloscope anode. 
This ion current i s  measured by def lect ing these electrons onto a record- 
ing anode. This def lect ing o r  "gatingu i s  achieved by timed pulses.  
Because the  pulses l a s t  a f i n i t e  length of time, the  instantaneous ion 
i n t e n s i t y  i s  ac tua l ly  the  sum of a l l  the  ions t h a t  have arr ived during 
t h a t  time in te rva l .  This can be more c lea r ly  understood by visual iz ing 
a gate of f i n i t e  time width moving slowly across an ion peak and record- 
ing t h e  sum of a l l  i n t e n s i t i e s  between i t s  time borders. Figure 29 
shows the  e f f ec t  of t he  gate  width on peak shape. A very wide gate d i s -  
t o r t s  t h e  Gaussian peak i n t o  a nearly symmetrical, very wide, f l a t  peak. 
As t h e  gate width decreases, the ion peak re ta ins  i t s  symmetry and ap- 
proaches the  Gaussian shape. A t  very small gates, an unexpla,inable peak 
was produced (see  dashed peak of Figure 29). One would expect the  e f -  
f e c t  of gate width t o  become increasingly ins ign i f ican t  a t  higher masses 
and t h i s  i s ,  i n  f ac t ,  the  case as shown by Figure 32. 
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Figure 32. W1,2 Versus fi 
Recording Adjustments 
The performance of the analog unit was judged to be poor because 
of the difficulty in obtaining reproducible data. For one thing, the 
gate width as indicated by markings on the front panel cannot be moved 
and reset to the same mark and produce the same gate width. This means 
that a gate producing thin ion peak shapes at one setting, being reset, 
may produce a wider peak. Resetting the gating speed did not seem en- 
tirely satisfactory. What is even worse, successive measurements on the 
same ion without moving any settings produced slightly different WA which 
2 
would lead to significant errors in calculated 'G of ions with little i 
excess energy. The gating rate or "scan rate" is known to drift as the 
mass scale needs to be periodically recalibrated. It was concluded that 
drift in the gate width and/or scan rate caused the variations. The 
paper speed mechanism of the Visicorder performed satisfactorily. The 
only problems resulted from improper paper feedout and were immediately 
obvious. The peak intensity recording mechanism (the magnetic galvanom- 
eters) was most satisfactory if the peak heights were generally kept in 
the same region, i.e. very small peaks and very large peaks varied some- 
what in shape due to the sensitivity-inertia of the Visicorder system. 
Experiment a1 Work 
Procedure 
The procedure for obtaining the excess energies of fragment ions 
and fragmentation processes was: 
1. obtain a calibration curve relating WAY m a n d  gate width 
2 
for room temperature thermal ions; 
2 obtain WL versus e lect ron energy f o r  each fragment ion; 
2 
3. obtain e a t  the  AP by extrapolating a p lo t  of -i;. (calcu- i 1 
l a t ed  from WI) versus e lect ron energy; 
2- 
4. Calculate F a t  the  AP from 5 by equation 10; t i 
* 5. calcula te  E a t  the  AP from F by equation 8 ( a  = 0.44). t 
Discussion of Procedure 
1. Calibration Curve. Because of the  e f f ec t  of gate width and 
other factors  on t he  peak shape, f o r  each s e t  of data  it was necessary 
t o  obtain a ca l ib ra t ion  curve r e l a t i ng  WL, m, and gate width. This 
2 
was done by using a number of parent molecular ions ranging i n  mass from 
4 t o  266. The r e s u l t  was curves of the  types i n  Figure 32. The lower 
graph re fe rs  t o  data taken with the  backing p l a t e  removed from the  
source. Under these conditions, the  ion focus voltage could not be 
adjusted t o  focus the  ions a t  the  col lector .  As a r e su l t ,  the  higher 
masses showed considerable peak broadening due t o  the  var ia t ion  i n  i n i t i a l  
posi t ion ( i n  addi t ion t o  energy broadening). With the  backing p la te  in-  
serted,  the  ions could be focused and curves l i k e  those i n  the  upper 
p lo t  were obtained. A t  higher masses, the  curves approached the theore- 
t i c a l  curve, a p l o t  of equation 25 shown on Figure 32 a s  s t a r t i ng  from 
the  or igin .  One has t o  decide what gate  width t o  use. The basic d i f -  
ference i n  a l a rge  or  small gate width i s  t h a t  a t  any i n s t an t  the  large  
gate i s  in tegrat ing much more data and, consequently, produces much 
smoother ion peaks. Besides more consistent  data, the  l a rge  gate can 
record lower i n t ens i t y  peaks and, hence, as the  i n t ens i t y  of a peak drops 
sharply a t  i t s  appearance po ten t ia l ,  a large  gate allows one t o  record 
peak sha,pes a t  e lec t ron  energies much c loser  t o  the  AP. The major 
disadvantage i n  a large  gate i s  t h a t  f o r  small masses the ca l ib ra t ion  
curve i s  almost horizontal  and thus the  presence of a s ign i f ican t  amount 
of excess t r ans l a t i ona l  energy i n  these masses might not be detected. 
For example, i f  a parent of mass 40 produces an ion of mass 1 4  with 
- 
E* = I5  kcal/mole, e = 2.4 kcal/mole, and B = 0.08 eV, t h i s  would pro- t i 
duce a change i n  WL of two t o  three percent f o r  a gate of 5.0. Consider- 
2 
ing the  f a c t  t ha t  ei i s  gotten from an extrapolation t o  the  appearance 
potent ia l ,  t h i s  much energy could e a s i l y  go undetected with t he  l a rge  
gate.  The major advantage of a t h i n  gate i s  t h a t  the  ca l ib ra t ion  curve 
has enough slope a t  small masses so t ha t  small excess energies (hence 
small var ia t ions  of W1 w i l l  be observed. The major d i f f i c u l t y  with t h i n  
E 
gates  i s  t h a t  the  low ion i n t ens i t i e s  near the  AP produce e r r a t i c  peak 
shapes, and W1 and F data near the  AP become sca t te red  and involve a 
E i 
more subjective extrapolation.  For low mass ions with low ion inten- 
s i t i e s  and l i t t l e  excess energy, we used a three-step procedure t o  detect  
t he  presence of excess t rans la t iona l  energy. F i r s t ,  a large  gate was 
used t o  give an upper l i m i t  on the  excess energy. Then a small gate  was 
used t o  a l so  detect  any excess energy. Thirdly, the  two ei versus e lec-  
t r on  energy curves were compared and both used t o  determine how the  
curves and extrapolation should be drawn. 
For neighboring ion peaks both with large  t r ans l a t i ona l  energies, 
it was found t h a t  a wide gate would record the  l a t t e r  section of one peak 
with the  i n i t i a l  por t ion of i t s  neighbor. This problem i s  immediately 
obvious by the  f a i l u r e  of t he  ion peak t o  re tu rn  t o  the  baseline of t he  
Visicorder record. I n  t h i s  case, it i s  necessary t o  use a t h i n  gate .  
It was a very r a r e  occurrence f o r  neighboring ions t o  possess enough 
excess t r ans l a t i ona l  energy such t h a t  t he  r e a l  peaks overlapped. 
I n  general, then, the  optimum gate width was the  smallest gate 
t h a t  would give the  cor rec t ly  shaped ion peaks and s t i l l  produce e a s i l y  
extrapolatable ei versus e lect ron energy data.  
2. W1 - Versus Electron Energy. After  obtaining t he  ca l ib ra t ion  
curve, fragment ion peak widths were obtained a t  a number of e lect ron 
energies down t o  the  AP of the  ion. The procedure was t o  s t a r t  a t  70 eV, 
proceed down t o  the  AP, and re tu rn  making a check a t  each previously 
measured e lect ron energy. Before, during, and a f t e r  the  measurements, 
spot checks on one of the  parent ions of the  ca l ib ra t ing  curves were 
made (usual ly  He or  ~ ~ 0 ) .  This was the  manner i n  which the  consistency 
and c r e d i b i l i t y  of the  data were ascertained.  During some measurements, 
pa r t i cu l a r l y  those with small gates, the  var ia t ions  i n  half  widths of 
the  spot checked ca l ib ra t ing  ions were qu i te  large .  For these s i tua t ions ,  
a second procedure was used which involved recording half  widths of a 
s e r i e s  of ca l ib ra t ing  ions a t  each e lect ron energy along with t he  f rag-  
ment ions desired.  By t h i s  method, it could be observed whether the  
var ia t ions  i n  hal f  width represented random f luctuat ions  o r  an ac tua l  
change i n  cal ibra t ion.  I n  a t e s t  run on t he  ca l ib ra t ing  molecular ions, 
t he  peak half  widths of ca l ib ra t ing  masses 4, 18, and 266 were measured 
a t  e lect ron energies down t o  the  I P  using a t h i n  gate.  Also, s imi la r  
data on mass 4 with a la,rge gate were obtained. With a t h i n  gate, W1 
Z 
were obtained t o  within 1.5, 3.0, and 0.5 eV of t he  AP f o r  masses 4, 18, 
and 266, respectively;  f o r  the  wide gate, mass 4- t o  within 0.5 eV. A l -  
though t h e  data became sca t te red  near the  AP, t he  choice of extrapolation 
was not d i f f i c u l t .  The half  width of a l l  three  compounds remained constant 
with e lect ron energy (as  expected).  These r e su l t s  indicated t h a t ,  f o r  
ions of su f f i c i en t  in tens i ty ,  t he  extrapolation t o  t he  AP would not be 
d i f f i c u l t .  
- 3. e Versus Electron Energy. W1 data were. obtained i n  m i l l i -  i 2 
- 8 * 
meters. Multiplication by 0.0308 (10 ) sec/mrn gives an uncorrected W1 
2 
i n  time. Use of the  applicable gate  width curve from Figure 32 corrects  
Wi t o  give the  WL needed t o  calcula te  T from equation 18 and Zi from equa- 
Z 2 
t i o n  19. An a l t e rna t ive  procedure t o  calculating e i s  t o  note what the  i 
half  width should be fo r  t h i s  mass as a room temperature, thermal ion 
where 
w& I i s  the  corrected peak half  width fo r  the  excess energy ion 
- 
s 0 
ei I T  = (0.039 e ~ )  ( w ~  r a t i o )  2 
2 
- 
e i s  then p lo t ted  versus e lect ron energy and extrapolated t o  the  AP of i 
the  ion.  
* 
This conversion was determined by comparing t he  T-0-F mass spec- 
trometer of t h i s  work with reference 1 and adjusting the  posi t ion of the  
ca l ib ra t ion  curve t o  reproduce the  published r e su l t s .  
Results 
The raw experimentalW1 (mm) versus e lect ron energy data a re  given 
2 
i n  Tables 22-26. Also shown a r e  the  calculated quan t i t i es :  uncorrected 
W1 (sec) ,  corrected W1 ( sec) ,  and Z . Some sample p lo t s  of F versus 
Z - 2 i i 
elect ron energy are  given i n  Figures 33-35. Table 27 summarizes the  Z i 
* 
and E data f o r  a l l  processes studied i n  t h i s  t he s i s  and l i s t s  the  ava i l -  
able l i t e r a t u r e  data f o r  comparison. 
Discussion of Results 
Four compounds t h a t  were reported by ~ rank l in , '  CH2C12, C2H2, 
CH3N02, and cy-C H were investigated i n  t h i s  work t o  provide a v e r i f i -  3 6' 
ca t ion of t he  method f o r  obtaining excess energies. The o r ig ina l  W1 - ver- 
2 
sus e lect ron energy data  were obtained with the  backing p l a t e  out ( ~ i ~ -  
ure 32) and by the  f i r s t  technique discussed i n  the  sect ion of W1 - versus 
2 
elect ron energy. A summary of the  Wh and calculated r e s u l t s  i s  shown i n  
2 
Table 23. The extrapolated curves of e versus e lect ron energy a re  shown i 
i n  Figures 33-35. Figure 33 fo r  CH NO compares t he  data  from t h i s  work 3 2 
with those from Franklin.' The curves a re  i n  general agreement i n  shape 
and i n  the  extrapolated r e s u l t  but t h e  data  developed here include much 
more s ca t t e r .  Of course, the  data published by Franklin must be t he  
average of h i s  o r i g ina l  data. For t he  r e s t  of the  Ti curves of t h i s  work, 
the  data were averaged t o  produce a s ing le  point  a t  each e lect ron energy 
unless there was a reason t ha t  the  s c a t t e r  i n  data was t o  be show0 and 
discussed. I n  Figure 33, CH C l  and C H show a very rap id  decrease i n  2 2 2 2 
- 
e near the  AP. For these types of curves an e r ror  i n  t h e  -6- extrapola- i i 
* 
t i on  could be l a rge  and r e s u l t  i n  a l a rge  e r ror  i n  E . Figure 34 fo r  the  
+ production of C H from cy-C H indicates  a very gently sloped curve, 2 2 3 6 
Table 22. Peak Widths and Ion Translational Energies 
for Verification of Experimental Technique 
WL 
electron 
a Ion energy uncorea un oroa 
- E core Parent Mass eV mm 10 secs, 10"~secs, Ei CeV) 
a. Uncorrected or corrected for effect of gate width on peak width 
221 
Table 23. Cyclopropane Peak Widths and Ion T r a n s l a t i o n a l  Energies  
Ion 
Paren t  Mass eV 
H e  4 70 28 .04 28 .04 
H2° 18  70 33 .04 34 .04 
cy-C3H6 42 70 42 .04 42 .04 
28 70 48 ,118 46 .082 
40 48 . I21  4 5 .077 
30 46 . 111 4 4 .074 
2 5 4 0 .053 
20 45 ,104 4 6 .082 
18  46 .098 44 .073 
17 46 .111 
16 51  . I48 45 .079 
15  55 . I68 
14 55 . I68 60 . I53 
H e  4 70 28 28 5 4 .04 
H2° 1 8  70 34 3 3 56 .04 
cy-C H 42 70 37 4 2 
27 70 38 .064 4 1 .061 5 8 .044 
40 40 .077 42 .066 5 9 .061 
30 41 .083 3 9 .051 5 9 .06P 
25 43 .069 
20 40 .061 41 .077 5 9 .061 
19 5 9 .061 
18  40 .077 4 0 .055 5 9 .061 
16 40 .077 38 .047 5 9 .061 
14 42 .090 42 .067 59 .061 
13  44 . l o  4 5 .080 58 .044 
H e  4 70 26 28 5 4 
H2° 18 70 32 3 4 5 6 
cy-C H 42 70 42 4 2 
26 70 46 .090 45 .080 59 .063 
40 43 .071 4 4 .077 5 9 .063 
30 42 .065 42 .065 5 9 .063 
25 38 .049 
20 41 .061 4 1 .061 5 9 .063 
18  44 .077 42 .065 5 8 ,045 
16 42 .065 40 .055 5 9 .063 
15 43 .071 
14 40 .055 41 .061 5 9 .061 
13 42 .065 5 9 .044 
a.  Uncorrected 
b,  Corrected 
T a b l e  24. Cyc lop ropene  Peak  Widths  
Gate (He) (H20) (02)  (cy-C3H4) 
Width eV 4 1 3 ~  1 4 ~  1 5 ~  18 26b 27b 28b 32 40  
3.6 7 0 39 47 49 45  43  5 3  50  45 46 4 9 
40 40  45 44 45  43  49 48 45  46 49 
30  40 44 45 45 43  48 47 47 46 4 9 
25 40  45 47 44 4 3  49 48  44 46 49 
2 2 4 4 4 3 
20 45 45 43  48 46 45 45 48  
18 4 2 43  46 46 45 46 49 
1 6  45 46 
0 
Table 25. Cyclopropene Excess Energies 
Ion Mass Gate 
Width Quantity 13 14 15 26 2 7 28 
4 . 3  E* (kcal) <20 120 < 20 < 13 113 ;13 
3.6 E* <18 < 18 118 12-17 (12 .:12 
3.0 E* 12 0-12 0-12 . 0-12 0-12 0 
* 
Summary E 12 0 0 12 12 0 

Table  27, Summary of Excess Energ ies  a t  AP 
f o r  A l l  Compounds (kea l /mole )  
- 
N~ - b  - P a r e n t  i Mi M~ ei e e i t E 
a. most l i k e l y  n e u t r a l  f ragments  
b ,  e l e c t r o n  v o l t s  
ELECTRON ENERGY - (eV) 
ELECTRON ENERGY - (eV) 
- 
Figure 33. e. Versus Electron Energy f o r  Veri f icat ion of Experimental Technique 
+ + e' -+ C ~ H ~  + C H ~  + 2e- 
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ti 
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ELECTRON ENERGY - (eV) 
Figure 34. e. Versus Elec t ron Energy f o r  cy-C H + C~H: 3 6 
ELECTRON ENERGY - (eV) 
- 
Figure 35. e. Versus Electron Energy f o r  cy-C H 4 CH: 3 6 
Extrapolation of t h i s  type of curve was l e s s  subjective and, hence, should 
involve l e s s  e r ro r .  Data from both a large  and a small gate a re  p lo t ted  
and comparison shows t ha t ,  although there  i s  more s c a t t e r  f o r  the  smaller 
gate  width, t he  two curves a re  consis tent .  I n  general, it was found t h a t  
ions involving a large  amount of excess t rans la t iona l  energy (> 0 ,4  ev) 
a t  70 eV had Fi curves t ha t  decreased rapidly  near the  AP; those involv- 
ing a moderate amount ( -  0.2 e ~ )  decreased a t  a moderate r a t e ;  and those 
of small amount (< 0.10 ev) decreased very slowly. Comparison of the  
r e s u l t s  from t h i s  work with Frankl in ' s  published data  able 27) shows 
f a i r  agreement. From these resu l t s ,  it was concluded t h a t  t he  experi- 
mental technique was well  understood and the  method was then extended t o  
t he  cycl ic  compounds of i n t e r e s t ,  each of which i s  discussed individually.  
cy-C3Hg The WL versus e lect ron energy data were taken with the  
2 
backing p l a t e  out and by the  f i r s t  technique discussed i n  the  W1 - versus 
2 
elect ron energy sect ion of the  procedure. The data and calculated re -  
+ 
suits appear i n  Tables 22, 23, and 27. Figure 34 f o r  the  C2H2 ion has 
+ been discussed i n  the  l a s t  paragraph. Figure 35 f o r  t he  CH2 ion fragment 
reveals some pecul iar  r e su l t s .  From 70 eV there  i s  a rapid  decrease i n  
F which begins t o  l e v e l  off  and i s  then followed by an extremely steep i 
decrease near the  AP. Since t he  s teep curve near the  AP was subject  t o  
a possible l a rge  extrapolation error ,  the  measurements were repeated and 
these resul ted i n  a la,rge volume of badly sca t te red  data  near the  AP. 
The ion currents a re  very small near t he  AP and, as detected, o s c i l l a t e  
over a l a rge  range which produces peaks t ha t  one must analyze by drawing 
a bes t  curve f o r  the  pea,k shape through the  data* I f  one concluded t h a t  
a l l  the  data  near the  AP are  so poor t h a t  they should be neglected, then 
* 
t h e  extrapolated r e su l t  a t  t he  AP would y ie ld  -6- = 0.35 eV and E = 103 i 
kcal/mole which i s  approximately what ~ r a n l r l i n l  reported and which allows 
4- 
t he  energetics of the  CH2 fragmentation t o  be in terpreted i n  terms of 
t he  ground e lect ronic  s t a t e s  with an excess energy of 103 kcal/mole, 
However, a l l  the  data near the  AP, even though scattered,  a re  not both 
above and below e = 0.35 eV and they seem t o  indicate  a sharp downward i 
trend.  Furthermore, t h i s  type of s c a t t e r  was not observed fo r  any ca l i -  
bra t ion molecular ions--only occasionally f o r  these r ing systems. I f  
one accepts the  sharp drop, then t he  energetics can be in te rpre ted  by 
f 
assuming t h a t  C H and CH2 a re  produced i n  excited t r i p l e t  s t a t e s  (see  2 4 
sect ion on energet ics) .  Figure 35 could be ra t ional ized by observing 
t ha t ,  a t  the  appearance potent ia l ,  the  ionizat ion produces CE' and C2H4 2 
fragments i n  e lec t ron ica l ly  excited t r i p l e t  s t a t e s .  As the  electron 
energy i s  increased some ions a re  produced as excited t r i p l e t s  with 
l i t t l e  excess energy while others degenerate t o  t he  ground e lect rnoic  
s i ng l e t  s t a t e s ;  t h i s  e lect ronic  energy difference of t he  ion i s  converted 
i n t o  a l a rge  amount of excess v ib ra t iona l  and t r ans l a t i ona l  energy i n  t he  
ion. This combination of s i ng l e t  and t r i p l e t  product ions produces sca t -  
t e r e d  data.  A t  some higher e lect ron energy, almost a l l  of the  fragments 
a r e  i n  t h e  ground e lec t ron ic  s t a t e s  with excess v ib ra t iona l  energy and 
t h e  upper curve i s  produced. 
cy-CgH4. The WI versus e lect ron energy data were taken with the  
B 
'backing p l a t e  i n  place. cy-C H produces very low in t ens i t y  fragment 3 4 
ions and, consequently, more sca t te red  data;  hence, the  second technique 
discussed under t he  WA versus e lect ron energy sect ion of the  procedure 
e 
was used. The WL r e s u l t s  a re  shown i n  Table 24. Not only were the  data 
2 
scat tered,  but a l l  ions appeared t o  have l i t t l e  o r  no excess energy which 
resu l ted  i n  imprecise WA measurements. For these reasons, an estimate 
2 
- 
e a t  the  AP was obtained simply by extrapolating the  uncorrected W1 data i 2 
t o  the  AP and then correcting t h i s  one W1 value t o  ca lcu la te  'E a t  t he  
Z i 
AP. These r e su l t s  a r e  l i s t e d  as  WA (mm) a t  t he  disappearance po t en t i a l  
2 
(DP).  Data were obtained with large,  medium, and t h i n  gate widths. 
* 
The data  from the  l a rge  gate  were used t o  put an upper l i m i t  on E and 
were compared with the  r e su l t s  from the  smaller gates.  The r e su l t s  a re  
shown i n  Table 25. As can be seen, the  data a re  consistent  and none of 
* 
the  ion fragmentations appears t o  have an excess energy, E , greater  than 
12 kcal/mole . 
cy-C H 0 and cy-C H 0. W1 versus e lect ron energy data were taken 4 6 3 4 z 
with the  backing p l a t e  i n  place and using method 2. The WA data and cal -  
2 
culated quan t i t i es  a t  t he  AP a re  l i s t e d  i n  Table 26. The data  f o r  cy-C4H60 
were obtained using an authent ic  sample and, therefore,  no ions a r e  pre- 
sent  from cy-C H 0. However, as discussed more f u l l y  i n  Chapter 111, it 3 4 
w a s  never possible t o  completely separate cy-C H 0 and cy-C4H60. During 3 4 
t h e  experiments f o r  obtaining data  fo r  cy-C H 0, 95 percent of mass 28 3 4 
but  only 50 percent of mass 42 were from cy-C H 0. Consequently, s ince 
+ 
3 4 
W, - (corrected)  fo r  C2H4 from cy-C H 0 and cy-C H 0 were 0.84 and 0.76, 
2 3 4 4 6 
respectively,  the  e f f ec t  of having f i v e  percent of the  ion peak 28 from 
cy-C H 0 would be t o  lower t he  measured Wi s l i g h t l y .  For t h i s  reason, 4 6 - 2 
- Jt f 
e and E calculated f o r  C H a re  believed t o  be only s l i g h t l y  lower i 2 4 
than the  r e s u l t  one would measure if only cy-C H 0 were present*  On the  3 4 
t - 8 
other  hand, f o r  C H 0 , 50 percent from cy-C H 0 ( w ~  = 1.03 (10 ) see) 2 2 4 6  2 
plus  50 percent from cy-C H 0 ( w ~  = ? )  prod-uced an experimental value of 3 4  2 
- 8 W1 - = 0.92 (10 ) seconds. Reasoning t h a t  the  peak resu l t ing  from the  
2 
mixture of ions i s  produced by simply adding the  respective contributions 
i- -8 
of C2H20 yie lds  a WL from cy-C H 0 of 0.81 (10 ) seconds and calculated 
2 3 4 
x. 
values of e - 0.035 eV and E - 0 kcal/mole, i 
Precision, Accuracy, and Limitations 
The precis ion of t he  data varied g r ea t l y  from one ion t o  t h e  next, 
as  it depends en t i r e ly  on how well  the  E data can be extrapolated t o  i 
the  AP which, i n  turn,  depends on: 1) the  steepness of the  ei curve; 
2 )  t h e  s c a t t e r  of the  data;  and 3) how near t o  the  AP WA data @an be ob- 
2 
tained.  The accuracy i s  believed t o  be l imi ted only by the  precis ion 
as the  Ti r e su l t s  agree wel l  with other measurements of excess t rans la -  
* 
t i o n a l  energies and the  corre la ted excess energies, E , have explained 
the  energetic inconsistencies i n  fragmentation processes i n  t h i s  t he s i s ,  
MOLECULAR ORBITAL CALCULATIONS 
The purpose of t h i s  appendix i s  t o  present the resul ts  of MO 
calculations of quantit ies related t o  the mass spectrometric analysis 
of low temperature, strained ring molecules. Since a large portion of 
potent ia l  cryogenic molecules i s  strained r ing molecules, it i s  believed 
tha t  these resu l t s  can also be extended t o  other ring molecules of 
future in te res t .  
Introduct ion 
Although MO calculations have been performed f o r  some time, it 
has not been u n t i l  the past few years tha t  new notions as well as e f f i -  
cient computer programs have been developed which seem t o  permit the 
calculation of quantit ies of chemical i n t e re s t  with useful accuracy. 
The four computer programs used i n  t h i s  work were written by G. Klopman 11 
and N.  C. ~ a i r d ,  99 both working with M. J. S. Dewar, J. A.  ~ o p l e , ~ ~  and 
R. ~ o f f l n a n n . ~ ~  These programs are, i n  turn, referred t o  as the  Klopman, 
MINDO, Pople, and Hoffmann programs and, i n  t h i s  thesis ,  are  designated 
K, M, P, and H, respectively. The H program performs extended Huckel 
theory calculations on molecules composed of f i r s t  and second row atoms. 
This program determines molecular o rb i t a l  wave functions, energy levels,  
bond orders, charge densit ies,  and atomic charges, The P program per- 
forms calculations on the f i r s t  row atoms but was not extensively used 
because of the approximate IP  resu l t s .  The K program i s  applicable only 
to hydrocarbons and gives more accurate results for the molecular 
parameters mentioned above. The M program is basically an extension of 
the K program to other first row atoms. The K and M programs are semi- 
empirical in that they require the use of "standard" geometries and must 
be calibrated on a class of known compounds with known experimental IP 
and & by fitting parameters such that gcod results are achieved on f 
the average for the entire class. 
Program Procedure 
Input Data 
The programs need information on the atomic number and coordi- 
nates of each atom of the molecule, the multiplicity, and the charge, 
The geometry is supplied either as X, Y, Z coordinates or bond angles 
and lengths. The multiplicity is calculated in the usual way from the 
number of unpaired electrons as singlet, doublet, and triplet have multi- 
plicity, 1, 2, and 3, respectively. Charge refers to positive ion (4-1)) 
neutral molecule (0) , or negative ion ( -1) . 
Computation 
For a given molecular geometry, the computer program a?;-lempi;s to 
calculate a tots1 energy (TE) for the molecule for an assumed linear 
combination of atomic orbitals (LCAG), By changing the LCAG, other TE 
can be calculated. The changes are dete-mined in a systematic way based 
on the differences between successive TE. In this manner, the computer 
searches for a minrmum TE for the given geome-Lry. This minimum is de- 
tected when this difference is less tnaa a predetemirled number. At 
I 1  I '  this point, the program is said to have "converged. l!Tc convergence " 
means t h a t  the  necessary requirement f o r  t he  minimum was not met within 
a prescribed number of i t e r a t i ons .  Thus, f o r  each geometry, the  program 
searches f o r  t h e  best  LCAO t o  obtain a minimum TE. 
output 
The output chemical parameters of most i n t e r e s t  t o  t h i s  work were 
t he  TE, MO energy levels ,  AH,, and I? f o r  both s ing le t  and t r i p l e t  s ' tates.  
For each molecular geometry, the  t o t a l  energy of t he  molecule i s  the  sum 
of the  t o t a l  e lec t ron ic  energy, electron-nuclear core energy, and nuclear 
core-core energy. The AH i s  calcula ted as t he  TE sf the  molecule minus 
a 
t h e  sum of t h e  energies of t h e  i so la ted  consti tuent atoms. The I P  i s  
taken as the  energy of the  highest occupied molecular o r b i t a l .  This 
assumes t he  pa r t i cu l a r  MO from which t he  e lect ron i s  removed, and it 
a l so  assumes t ha t  the  s t ruc ture  of t h i s  molecule minus one e lect ron i s  
t h e  same as  the  s t ruc ture  of the  molecule. This may o r  may not be a 
good assumption. However, any e r ro r s  i n  t h i s  assump-ticm seem t o  be 
adequately overcome i n  t he  programs using adjusted parameters. Only 
with t he  K program i s  t he  I P  calculable by t he  difference o f  t h e  TE of 
t he  molecule and molecular ion. The programs tha t  use a l l  the  valence 
e lect rons  calcula te  the  molecular o r b i t a l  energy leve l s  and begin by 
f i l l i n g  up these o r b i t a l s  by pa i r ing  t he  valence e l e c t r o ~ s .  Only t he  
P and t he  II programs handle e lec t ron ica l ly  excited mlj1ecul.e~ and of 
these  two, only K produces usable numbers. I n  t h e  Klopma,~ progv'am, 
t r i p l e t  s t a t e s  a re  formed by simply promoting a,n e lect ron from the  
highest  occupied molecular o r b i t a l  of the  s i ng l e t  ground s t a t e  molecule 
t o  t he  next highest o r b i t a l  and TE, ma, and I P  a re  calculated from t h i s  
s t ruc ture .  ( ~ o ~ e  t h a t  t ,h is  promoted e lect ron now becomes the  bighes: 
occupied energy l e v e l . )  
Goals and Outline of Calculations 
The following areas were deemed of most interest in applying 
these programs to the mass spectrometric investigation of strained ring 
molecules : 
1. predicting whether a molecule will exist 
2. predicting molecular structure 
3. predicting AH and IP sensitivities to geometry changes 
a 
4. confirmation of ms analysis and identification by measuring 
IP for: 
a) distinguishing between isomers 
b) distinguishing between singlets and triplets 
5, supporting ms derived energetics 
a) AH and ring strain 
a 
b) singlet versus triplet fragments 
c) energy of triplet fragments for bond energy e~timat~ions 
6. prediction of most stable products. 
(1) The achievement of this goal would provide a guide in select- 
ing potential cryogenic molecules for future study, No work was done in 
this area. 
( 2 )  For a given molecule, the TE for various geometries may be 
calculated and compared. The most negative TE should. be the most stable 
structure. In this work, the structure of many of' the compourrds was 
known. By systematically varying the geometry about this known struc- 
ture, one could tell whether the program predicted the trerds need-ed 
for structure predictior,. In this way, one can observe whether the pre- 
dicted most stable structure corresponds to the known structure. 
(3) Ideally,  one would l i k e  the  predicted most s tab le  s t ruc ture  
t o  correspond t o  the  known s t ruc ture  and f o r  the  AHa and IP  calculated 
from t h i s  s t ruc ture  t o  correspond t o  t he  experimental values. I f  t h i s  
cannot be realized,  then one would l i k e  the  AH and I P  calculated from 
a 
e i t he r  t he  predicted most s tab le  o r  known s t ruc ture  t o  correspond t o  
the  experimental AHa and IP. I f  nei ther  of these two i s  possible, then 
a t h i r d  pos s ib i l i t y  i s  t h a t  AHa and IP f o r  some "standard" s t ~ v c t u r e  
w i l l  correspond t o  the  experimental f o r  some broad, general c lass  of 
compounds. As we s h a l l  see, only the  t h i r d  approach was successful. 
Also, by varying t he  geometry, the  sensitivi6,y of' AH, and IP  t o  
geometry changes could be determined. 
(4) Because ms analysis  cannot d is t inguish between isomers o r  
determine whether t he  parent molecule i s  i n  an excited e lect ronic  s ' tate, 
t h i s  d i s t i nc t i on  and i den t i f i c a t i on  might be made by comparing t he  MO 
calculated I P  fo r  isomers and excited s t a t e s  with the  experimental IP. 
(5) The AHa calculated fram ms data depend on t he  assumption of 
the  s t a t e  of the  fragment ion and neutral f o r  which t h e  AHa must be 
known. Also, the i n t e rp re t a t i on  of the  bond dissocia t ion energies of 
t he  r ing compounds i n  t h i s  t h e s i s  depends on esti,mating the  r e l a t i ve  
energies of various s t ruc tures .  We reasoned t h a t  MO energet ic  resu l t s ,  
even i n  a r e l a t i v e  sense, would be useful  i n  these decisions and caleu- 
l a t i ons  . 
(6) As discussed i n  the  t e x t  of t h i s  wr;lrk, a p ~ s s i b l e  reason for  
t he  f a i l u r e  t o  i s o l a t e  cyc1oproper;one was t h a t  i:t had e i t h e r  reacted 
wi.th o r  was hydrogen bonded by water, The MO programs were used i n  an 
a,ttempt t o  calcula te  the  TE of these  va,rious systems and predic t  the  
most stable system. This is, in a sense, a thermodynamic argument as 
to the most stable system and would suggest that, if kinetically feasible, 
the more stable system should exist. 
Data for Calculations 
Figure 36 presents the schematic structure of five ring molecules 
investigated, possible isomers of these ring molecules, other possible 
cyclopropenone products, and the fragments encountered in the electron 
bombardment of these rings. The standard geometries99 used for the M and 
K programs are reported in Table 28. The X-Y-Z coordinates for the cal- 
culations are presented in Table 29. 
Results 
Table 30 gives the geometry variations for the four ring mole- 
cules that were studied. Note that, if the bond angles or lengths were 
not changed from one case to the next, the dimension is not repeated, 
In this way, the dimensions were systematically varied about a known 
value such that the changes were easily analyzed. Similar geometry 
variations (such as C-H lengths) were not repeated for each molecule if 
it had been varied before in another molecule and, thus, the geometry 
variations of the four ring molecules will be discussed together, Also, 
the C=O length was varied for a number of molecules in an attempt to 
get better IP correlations with experimental data, and these va,riatfcas 
are also listed in Table 30, The MO results of these geometry changes 
are recorded in Table 31 in exactly the same manner for easy comparison 
to Table 30. Table 32 collects the standard and knowrl geometries for 
the molecules. In Ta,ble 33 the MO results for Table 32 are presected 
ethylene 
POSSIBLE ISOMERS AND PRODUCTS 
- z z ~ . I U z - - ~ ~ ~ X ~ ~ ~ z z ~ ~ ~ ~ ~ < r ~ ~ ~ ~ ~ ~ . ~ ~ " ~ ~ ~ ~ ~ , ~ ~ z ~ . ~ < . " ~ ~ ~ ~ ~ < < < < r ~ . ~ ~ ~ ~  
I-- 
acrolein 
carbon 
monoxide 
ketene 
dipolar ion 0 6 \ isomer /c2-- 
W1,2 
allene 
oxide '3 
'-6 c .  I I 2'4-42 
acetylene 
I- rfrsg opened triplet 
Figure 36. Schematic Structure of Molecules Used i n  MO Calculations 
Table 28. Standard Bond ~ e n g t h s ~  for MO Calculations 
-- -- -- -- 
Standard Bond Length (A) 
Atoms in Molecule Bond Hybrid ~ o r m a l ~  3C-ring b B e  4 ~ - . ~ i ~ ~ ~ s ~ y ~  
- - - -. -. - -  
H-H S-s 0.7417 
C,H C-H 
C-H 
(Aromatic) C-H 
C-H 
C-C 
C- C 
C-C 
C-C 
(Aromatic) C'C 
C,H,O C-C -=c-csO 0 \ 1.506 
C-0 LC-0- 
.0 1.426 
0-H 0,970 
--p 
a. Open chain molecules 
b. For three membered rings, the exocyclic bond angle at saturated 
carbon is taken as 120° 
c. For four membered rings, the exocyclic bond angle at saturated 
carbon is taken as 1140 
d. The four carbon atoms in ring are coplanar 
e. All exocyclic groups are taken to bisect CCC angle i n  the ring 
f ,  Suggested in MIND0 reference 99 
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Table 30. Geometry Variations 
Bond Length (A )  Bond Angle (Degrees) 
Molecule Case C,-C; C,-C3 C1-H1 C2-H3 C 1 =O c2clc3 ' l c2~ ;  H1C1H2 H3C2H4 C3C2H3 
Table 30. Geometry Variations (Concluded) 
Bond Length (i) Bond Angle ( ~ e g r e e s )  
Molecule Case c~-c: C2-C3 C1-H1 C2-H3 C =O 1 c2c1c3 '1'2'3 H1C1H2 H3C2H4 C3C2H3 
cy-C H 0 3 2 2 1.49 1.40 56 62 1 1.49 1.35 1.070 1.18 54 63 1.50 
3 1.49 1.30 52 64 
4 1.51 1.35 53.2 63.4 
1 1.49 1.35 54 63 
5 1.47 1.35 54.8 62.6 
6 1.45 1.35 55.4 62.3 
7 1.43 1.35 57.4 61.8 
8 1.10 
1 1.49 1.35 1.18 54 63 
9 1.25 
10 1.30 
C2H20 3 1.25 I** 1.34 1.083 1 . 2 1  120 
4 1.18 
5 1.16 
6 1 .12  
7 1.49 1.21 
X kno~m niolecular geometry 
XX 
standard niolecular geometry 
a. d(C -C ) = d(C -C ) andL(C C C ) = L(C C C ) fo r  these symmetrical 3 C-membered r ings.  1 2  1 3  1 2 3  1 3 2  
Table 31. Geometry Va.riations - MO Results 
- - - - 
-TE (eV) -AHa (kcal/mole) 
Molecule Case P H lit. expb 1 K 
- - - 
IP (e~) 
lit. expb N K' K~ pd H~ 
N.C. 
731 
755 
773 
792 
804 
810 
828 
841 
875 
Table 31. Geometry Variations 4 0  Results (concluded) 
cy-C H 0 2 395.114 646 9.99 13-70 
3 2  1 N.C. N.C. N.C. N.C. 
3 395.073 681 9.82 13.86 
N.C. 
681 
693 
9.87 12.25 
N. C. 
N.C. 12.32 
9.98 
10.03 13.87 
8 711 9.74 
1 N. C. N.C. 
9 626 lo. 05 
10 N.C. N.C. 
3t 
known molecular geometry 
XX 
standard molecular geometry 
b. mass spectrometric measured nurnber from experiments in this thesis 
c. I? calculated as difference in TE of the molecule and molecular ion 
d. I? taken as the energy of the highest occupied molecular orbital 
Table 32. Standard and mown Geometries for AHa and IP 
Bond Length (i) Bond Angle (~egrees) 
Molecule Case Geom. c~-c: C -C C -H C -H C = 0 C C C C C C" 2 3  1 1 2 3  2 1 3  1 2 3  H1C1H2 H C H  3 2 4  C C H  3 2 3  
C~-C-H 03 2 1 est. 1.49 1.35 1.0701.18 54 63 150. 
cy-C4H8 1 *Io9 1.548 1.092 
CY-C~H~O 1 *lo6 1.5561.527C41.1101.0891.20 88.0'4 90.9 112.5 
* 
known molecular geometry 
** 
standard molecular geometry 
am d(c1-C2) = d(C1-C3) and L(C 1 2 3  C C )= L(C 1 3  C C2 ) 
Table 33. Standard and Known Geometries f o r  AHa and IP - MO Results 
-AHa (kcal/mole) I F  ( e ~ )  
Molecule Case Geometry lit. exp M K lit. expb M~ K~ b 
Singlet versus Tr ip le t  
c~-C3H6 1 * s i n g .  813 813 817 830 
8 * t r i p .  779 
9 * sing. 808 822 
10 " t r i p .  772 
cy-C3H4 8 ** sing. 656 657 9.95 
9 t r i p .  620 
Isomers o r  Other Possible Productse 
cyclopropene 8 656 657 9.95 9.7 10.35 9.56 
al lene 1 676 636 10.2 8.80 7.8 
r ing  open t r i p .  2 638 10. 68 
r ing  open 
dipolar  ion 10 N . C .  N . C .  
a l l ene  oxide 11 694 9.0 
isomer 12 803 9.74 
cyclopropanone 13  753 773 9 .1  9.9 
acrolein  1 4  8 0 3 ~  845 10. 33 10. 65 
10. 251°2 
*, **, b, c, and 
' ~ e f e r  t o  Table 31. 
e .  obtained no convergence f o r  cy-C H 0 and cy-C H 0 molecular geometries. 
3 4 2  3 6 3  
Table 34. Geometry Variations and MO Results - Fragments Containing H and C 
Bond Length Bond Angle -ma (kcal/mole) IP (eVI 
Molecule Case Geometry C -C C1-H1 H1C1H2 H1C1C2 lit M K lit M~ K~ 
* trip 
* sing 
** trip 
** sing 
sing 
sing 
sing 
sing 
trip 
trip 
trip 
trip 
C2H2 1 trip 1.54 1.10 180 330 10.31 
2 trip 1.20 1.057 180 363 8.68 
3 trip 1.34 1.086 120 311 10.28 
4 trip 1.34 1.086 180 2 93 9-23 
5 trip 1.20 1.057 180 363 8.68 
6 *sing 1.20 1.057 180 392 417 11.4 11.1 10.6 
'zH4 1 trip 1.534 1.093 180 90 3 92 8.4 
3 trip 1.34 1.093 180 90 433 8-97 
2 trip 1.48 1.083 120 120 480 10.09 
4 trip 1.34 1.083 120 120 N. C.  N.C. 
6 trip 1.34 1.083 117 121 501" 9. ga 
7 trip 1.51 1.083 120 120 471 10.1 
8 trip 1.58 1.083 120 120 45 5 10.3 
5 ** sing 1.34 1.083 117 121 538 538 10.6 10.85 10.16 
9 sing 1 1  1.083 120 120 470 1.1 9.47 
10 sing 1.58 1.083 120 120 405 9.97 9.15 
- 
* J  **, c, and d~efer to Table 31. 
a. No convergence (N.c.) 
Table 35: MO ~ e s u l t s ~  for Oxygen Containing Molecules 
Molecule 0 lit. MINDO exp. D lit, MINDO ex- 
me than01 4 8 5 2 10,9 11,7 +O. 8 
ethanol 5 6 56 10,6 11.2 i-0.6 
1-propanol 6 1 60 10.4 10.9 +0.5 
2-propanol 6 2 65 10.4 10,7 -- +0,3 
(avg . )% 4-0,6 
formaldehyde 28 28 10,9 11,6 90, 7 
acetaldehyde 39 3 7 10,3 11.0 +0,7 
propionaldehyde 9,7 10.1 --. +0,4 
(avg . I 5  +O. 6 
acetone 5 1 50 9.9 10,5 4-0.6 
methylethylketone 58 55c 803 845 C acrolein 10.1 10e7c +O, 6 
cyclopropanone 773C 753 9.gC 9.1 90. 8 
cyclobutanone 1069' 1042 10.3c 9.4 90.9 
ketene 520 494' 9.6 10.2 4-0.6 
2-butanone 9.7 10-3 - +0,6 
(avg. )'L +o, 7 
dimethylether 4 4 5 1 10.1 11.4 +1,3 
diethylether 60 5 9 9.7 10,7 +P.O 
methylethylether 5 2 5 5 --. - - 
(avg +1.1 
------ 
- 
(grand avg, ) %  j 0 . 8  
---- 
a. Majority of data was taken from MINDO reference 99 and IOi 
b. Numbers measured by ms experiment in this work 
c. MINDO-this work 
------ 
along with comparisons of s ing le t s  versus t r i p l e t s ,  comparisons of i so -  
mers and comparisons of other products. Table 34 presents t he  geometry 
var ia t ions  and MO r e su l t s  f o r  the  H and C fragments. Table 35 compares 
t h e  MO r e s u l t s  from the  MIND0 program with experimental values f o r  many 
oxygen containing molecules. 
Discussion 
Analysis of the  MO r e su l t s  f o r  cyclopropane, cyclopropanone, 
cyclopropene, and cyclopropenone i n  Table 31 reveals tha t ,  f o r  a l l  t he  
geometry var ia t ions  with the  four programs, the  most s t ab l e  molecule 
predicted from the  minimum TE d id  not correspond t o  the  known experi- 
mentally measured geometry f o r  any molecule. Furthermore, the re  was no 
agreement among programs as  t o  the  most s tab le  s t ructure .  Systematic 
var ia t ions  about known geometries f o r  K, M, and H programs almost never 
predicted t he  known geometries as t he  most s table .  For t h e  many M cases 
involving lengthening t h e  carbon-oxygen bond, it  can be seen t h a t  only 
a consis tent  increase i n  AH (not  a minimum) was produced. From a l l  of 
a 
these  r e su l t s ,  it appeared t h a t  only the  P program gave any promise of 
predic t ing s t ruc ture  correct ly .  Analysis of Tables 31 and 33 fo r  both 
M and K programs shows t ha t ,  invariably,  the  AH, calculated from the  
standard geometry was more accurate than t h a t  from the  known geometry 
which, i n  turn,  was more accurate than t h a t  from the  progra,m predicted 
most s t ab l e  geometry. This r e su l t ,  although not as consistent ,  was a l so  
t r u e  f o r  the  IP .  The P and H programs calculated I P  much too high and 
were not used fo r  fu r ther  calcula t ions .  For both t he  AHa and IP,  al l .  
programs showed much grea te r  s e n s i t i v i t y  towards C-C than C-H geometry 
changes. I n  par t i cu la r ,  the  K and M programs showed a very large  AH 
a 
s e n s i t i v i t y  (100 kcal/mole f o r  geometry var ia t ions  of Table 30) toward 
C-C and C=O changes and much smaller C-H dependence. Except f o r  some 
e r r a t i c  MINDO cyclopropene I P  data, t he  I P ' s  calculated by the  M and K 
programs were f a i r l y  insens i t ive  (0 .3  e ~ )  t o  t he  geometry var ia t ions .  
Comparing t he  K standard geometry data f o r  C and H containing 
molecules t o  experiment i n  Tables 33 and 34, one f inds  t h a t  the  average 
deviations of OH and I P  a re  around 15 kcal/mole and 0.4 eV, respectively.  
a 
Similarly, from Tables 33 and 35 one f inds  f o r  M data  on C, H, and 0 
containing molecules t h a t  t h i s  deviation i s  about f i v e  kcal/mole and 
0 .8  eV. A l l  t h e  e r rors  a re  random, except the  IP  from MINDO, which i s  
sys temat ical ly  high f o r  oxygen containing molecules. The accuracy of 
the  calcula ted numbers seems t o  depend on how wel l  t he  ac tua l  experimental 
molecular geometry ( i n  each pa r t i cu l a r  case) corresponds t o  the  standard 
geometry used f o r  the  c lass  of compounds upon which t he  program was c a l i -  
brated.  Herein l i e s  the  r e a l  problem i n  applying these  MO programs t o  
s t ra ined  r ing  molecules. It i s  because these  r ings have unusual bonding 
t h a t  they a r e  cryogenic molecules. But the  more unusual t he  bonding, 
the  poorer t h e  molecules f i t  neat ly  i n to  any c lass  with standard geome- 
t r i e s .  Thus, the  goal of synthesizing these types of cryogenic molecules 
and calcula t ing MO numbers seems t o  be mutually exclusive. The grea t  ma- 
j o r i t y  of t he  molecules from ~rhich the  s e t  of standard geometries was ex- 
t r a c t ed  and used t o  ca l i b r a t e  t he  MINDO program were, of course, open 
chain, a l i pha t i c  compounds, When the  work was extended t o  cycli.c sys- 
tems,loO a new s e t  of standard geometries was used f o r  3-carbon membered 
r i ng  systems, another s e t  f o r  4-carbon membered r ing  systems, and so on. 
The standard geometries chosen for 3-carbon membered ring molecules cor- 
responded closely to the known geometry for cyclopropane and the AHa 
and IP calculated by M and K programs from known and standard geometries 
of cyclopropane differed by only 10 kcal/mole and 0.1 eV, respectively. 
However, the standard geometry for cyclopropene assumes a C=C bond length 
of 1.337 i as compared to the measured value of 1.28-1.30 i and produces 
a difference in known and standard geometry calculated AH and IP of about 
a 
30 kcal/mole and 0.15 eV, respectively. Dewar justifies this C=C bond 
length by stating he sees no reason for departing from the open-chain 
1.337 k value although he had already departed for the C-C value. His 
assumption produced a very good agreement with the experimental AH 
a 
value. Using these standard geometries for 3-carbon membered ring com- 
pounds, he obtainslo0 good agreement also for cyclopropane and cyclopro - 
pene derivatives. This is not surprising since the actual ring geome-by 
for the parent molecule and the system of derivatives is probably similar 
and once the molecular parameters were adjusted to correlate with experi- 
mental data, all of the molecules fit rather well into these new standard 
geometries. Consider the case of cyclopropanone which has considera'bly 
different geometry than the standard (d(~-C) = 1.58 versus 1.514 A; 
~(c=o) = 1.18 i versus 1.215 1) and whose C-C bonds are described chemi- 
cally as intermediate between sp3 and sp2. In this case, it seems un- 
reasonable to expect the standard geometry to calculate an accurate 
AHa. The approach suggested by this author is to define a standard 
geometry for cyclopropanone and its substituted derivatives such that, 
again, good results are obtained on the average. Lacking experimental 
DH and IP data on these derivatives precludes the possibility of this 
a 
approach and leaves one s t i l l  guessing what geometry t o  use. Only a 
person wel l  acquainted with the  de ta i l ed  nature of these MO programs 
could make an honest, accurate guess. 
Table 33 shows t h a t  the K program makes the  very reasonable e s t i -  
mate t h a t  t he  AHa should be ra i sed  and the  IP  lowered by about 40 kcal/- 
mole (-  2 e ~ )  f o r  the  t r i p l e t  versus the  s i ng l e t  cyclopropane and cyclo- 
propene (from the  program calcula t ion method, these changes i n  AHa and 
I P  should be equal) .  Presently, none of the  programs can ably handle 
t h e  cyclopropanone t r i p l e t  but, assuming it i s  s imilar  t o  the  other  
r ing  molecules, a 20 percent conversion t o  the  t r i p l e t  s t a t e  would lower 
t h e  I P  by 0.4 eV, an amount t ha t  would begin t o  be detectable i n  t he  
experiments of cyclopropene and cyclopropanone spec i f i c a l l y  looking for  
t h i s .  The AHa and I P  calculated f o r  the  open chain isomers of cyclopro- 
pene and cyclopropanone show such a s ign i f ican t  d i f ference (up t o  50 
kcal/mole and 0.8 eV, respectively) t h a t  the  comparisons of AHa and I P  
o f f e r  a very strong po t en t i a l  as  a means t o  i den t i fy  an unknown mass 
parent from amongst i t s  isomers. 
The data  i n  Table 34 were calcula ted t o  determine whether o r  not 
t he  program calcula t ions  on t he  t r i p l e t  versus ground s t a t e s  f o r  various 
geometries on the  small r ing  fragments would be of use i n  the  ms asswnp- 
t ions  and derived energetics.  The data  f o r  CH2 a r e  inconsistent  f o r  the  
various geometries; t he  poorer qua l i t y  of these data  may be due t o  
t h e i r  non-classif iable s t ruc ture .  The r e s u l t s  f o r  C H a re  improved 2 2 
over CH and t h e  r e su l t s  f o r  C H show a marked improvement. The AHa 2 2 4 
fo r  C H i s  the  same as the  experimental value. Also, f o r  C2H4, the  2 4 
lowering of  s t a b i l i t y  and I P  f o r  t r i p l e t s  seems t o  progress i n  a reasonable 
fashion. The AHa d i f ference between s t ruc tures  7 and 5 i s  -67 kcal/mole 
which compares f a i r l y  wel l  t o  the  est imate -47 t o  -57 kcal/mole from 
themnochemical data. As i n  the  other  calculations,  once again it seems 
t h a t  t h e  accuracy depends on how wel l  t he  ac tua l  geometry i s  adaptable 
t o  t h e  standard. Since t he  Pople t r i p l e t s  were found t o  be inaccurate, 
no work was done on C, H, and 0 t r i p l e t s .  
I n  attempting t o  decide which of t he  possible products i n  t h e  
cyclopropenone system were most s table ,  it was decided t o  compare t he  
TE of t h e  cyclopropenone plus a water molecule with t he  TE of t h e  react ion 
product of cyclopropenone and water ( the  gem d io l )  and a l so  t o  compare 
t he  TE of the  hydrogen bonded product ( r e f e r  t o  Figure 36) a s :  
Since M and K do not p r i n t  out  TE, it i s  shown as  follows t h a t  comparing 
AH i s  equivalent t o  comparing TE 
a 
since, 
 molecule) =  molecule) - 1  separate atoms) 
and 
then 
ATE = TE(A-B) - [ TE(A) + TE(B)] 
/+ [ w ~ ( A - B )  +  separate atoms) j 
A 
= - [AH~(A) +   separate atoms)] 
B 
- [ W,(B) + 1 separate atoms)] 
The AH for water was calculated from its known geometry (bond 
a 
length 0.958 and angle 104' ) . The cy-c H 0 structure was calculated 
3 4 2  
extending the cy-C H 0 cases 6 and 8 structures by assuming both 1.22 A 3 2 
and 1.42 for the C-0 distance, by assuming normal 0-H distance of , 
0.958 i, and by using a 0-C-0 angle of 120". The hydrogen bonded cy-C H 0 3 6 3  
cases were calculated by placing two water molecules about the carbonyl 
carbon such that hydrogen bonded H.*-O-**H angle was 120" and the C=O...H 
hydrogen bond length was varied at 1.0, 1.5, 2.0, and 3.0 A. However, 
none of these structures would converge. The value of this calculation 
remains to be determined. 
Since the M program calculates the cy-C H 0 structure as normal 3 6 3  
bonds at the hydrogen bond, it may be a situation that the program was 
not designed to handle. Perhaps the P program could better be used for 
this calculation. However, there is no reason that the cy-C H 0 gem diol 
3 4 2  
should not converge except the usual rationalization that the structure 
is unstable. 
It is of much interest to correct the M program oxygen molecules 
systematic high IP errors (- 0.7 e~). As can be seen in Table 35, Dewar 
adjusted the molecular parameters to give good AH agreement at the ex- 
a 
pense of IP accuracy. Some aspects of this problem were investigated. 
One possible explanation was that Dewar made a poor choice in C-0 
standard bond lengths and Tables 30 and 31 present the results of varying 
the C=O bond distances. The IP can be corrected somewhat by this means, 
101 but only about 0.3 eV and at the expense of AH accuracy. Dewar sug- 
a 
gests that he used the poor data for atomic oxygen. Another possible 
explanation is that the program, even though it considers the four P 
level oxygen electrons as valence electrons included in the molecular 
orbitals, does not account well for the removal of one of these non- 
bonding electrons by ionization. 
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